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ABSTRACT 
Urbanisation and other industrial developments have resulted in potentially 
high levels of metals in soil environments. This has given rise to the question 
as to whether these metals in soil, whether natural or anthropogenic in origin, 
have a corrosion effect on metallic water pipes. Globally, around 20% of total 
available water supply is lost due to leakages and breakage of water mains. 
The primary purpose of this research has been to add to the knowledge on 
metal pipe wall interactions from metals, both naturally occurring and those 
resulting from environmental pollution, and their consequences on water pipe 
deterioration. 
The corrosion of ductile Iron pipe (DIP) sections was physically modelled with 
bedding and backfill materials conforming to international standards (ISO). 
The backfill sand was contaminated with known concentrations and 
combinations of heavy metals in different experimental stages. These were 
added as three years' accelerated rainfall. Column leachate experiments 
using sand and gravel commonly used for bedding materials surrounding 
pipes were also conducted to determine the background levels of metals and 
then the potential for ion exchange between material leaching from sand and 
gravel, and added contaminants. Levels of metals in drinking water were also 
increased and circulated through the pipe sections being tested. Thus the 
effects of the same metals used in the external studies (Copper, Chromium, 
Nickel and Lead) could be compared for their effects on internal corrosion of 
the pipe. 
The results showed a major ion exchange between the bedding material and 
added or mobile contaminants. As a result, the characteristics and ion 
exchange potential of the sand and gravel bedding were the most important 
influence on the amount of metals in the collected effluents and the zone 
around the pipe. The use of other types of soil in future research has 
consequently been recommended. This will provide a better understanding of 
the ion exchange effects of metals in different soil environments on water 
pipes. 
It was concluded from the results that the increases in Iron concentrations 
above what would be accounted for by the model were from the pipe walls. 
There was more than a 28% increase in average total Iron concentrations 
throughout the experiments, with the highest increase due to Copper 
contamination. This was due to the large galvanic potential difference 
between Copper and Iron. Copper and Lead flushing were very slowand were 
absorbed by the pipe, sand and gravel. Chromium and Nickel were found to 
be mobile in the sand and gravel. Finally, the data from total dissolved solids 
(TDS), conductivity, redox potential and sulphate content all indicate potential 
for metal induced corrosion. 
Keywords: Pipeline deterioration, Galvanic corrosion, Water leakage, Heavy metals, Soil 
contamination, Environmental pollution.· 
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Chapter One: Introduction 
Chapter One: Introduction 
1.1 Background to the study 
Previous studies have shown the behaviour of water mains failure as a 
complex function of a large number of variables, many of which are unknown 
or not directly quantifiable, (e.g. Boxall et aI., 2007 & Skipworth et aI., 1999). 
Water mains failure is attributed to factors such as age, pressure surge and 
external loading, diameter, length, material, corrosion and ground movement. 
Literature reveals that cast and ductile Iron pipes constitute more than 60% of 
the length of water distribution pipelines across the world (e.g. AWWA, 2007, 
Levlin 2004 and Rajani & MacDonald, 1995). Among the factors that cause 
water mains failure, the major one affecting metallic mains is electrochemical 
corrosion, which is related to the properties of the surrounding soil and 
bedding materials, Rajani and Kleiner (2001). Corrosion of water distribution 
mains is receiving considerable attention from the water industry as industrial 
development and climate change are creating greater water shortages around 
the world. Leakage and other unaccounted losses greater than 20% of total 
available water supply are no longer tolerated. Substantial developments 
have been made in metallic corrosion protection, however the problem is still 
alarming. In a recent report, an annual monetary loss of £billions is incurred 
. around the world in preventative and corrective measures to combat water 
mains failure, Naliaran et al. (2006). The annual cost of maintaining water 
utilities is estimated at £1.5 billion in England and Wales (Water UK, 2003), 
£0.5 billion in Canada (Rajani & Tesfamariam, 2007), £1.4 billion in the US 
(AWWA, 2007) and more than £100 million in Australia (Davis et aI., 2003). It 
is an established fact that the factors that accelerate corrosion of metallic 
pipes are stray electrical currents, soil properties such as chemical and 
biological contents, reSistivity of the soil and its redox potential, Najjaran et al. 
(2006). Despite the fact that several studies exist in the area of metallic 
corrosion in soil, they do not relate this corrosion to the ionic exchange 
reaction with metal contaminants in soil. To the best of this author's 
knowledge, no well controlled laboratory or pilot studies have been carried out 
to determine whether or not metals in soil have an effect on external corrosion 
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of the water mains. This research was therefore initiated to add to practical 
knowledge on the consequences of both natural and metals resulting from 
environmental pollution on deterioration of water mains. 
1.2 Introduction 
This chapter describes the need to investigate the effect of heavy metal soil 
contaminants on the corrosion of metallic water mains in view of the level of 
metals in soil, and devastating consequences of corrosion in the water 
industry. The thesis focuses on studying the reactions between metallic water 
pipes and metal contaminants when transported to the level of the pipes in 
soil. It 'also reports on the study of the reactions of high level of metals in 
drinking water and internal walls of the water mains. Related studies have 
been reviewed and presented in chapter two. 
Pipelines are very important for society, as they are the main means of 
transporting fluids, cables, etc. Pipes are widely used in the distribution 
networks of the water and wastewater industry, oil and gas, 
telecommunications and many other industries. For example, Severn Trent, 
the midlands water utility in the UK has around 50,000 km of water distribution 
mains and sewerage. Water utilities in England and Wales have distribution 
networks of 335,000 km, majority of which are grey cast and ductile Iron 
pipes. The length of water distribution networks in the US is estimated as 1.42 
million km (AWWA, 2007), a rough estimate of 160,000 km exists in Canada 
(Rajani & MacDonald, 1995) and around 61,000 km in Sweden (Ievlin, 2004). 
The majority of today's pipelines are buried either on land or in the seabed, 
Mattsson (2001). Thus, they are required to withstand a number of 
environmental hazards. These hazards include (a) ground movement, (b) 
accidental loading and (c) external deterioration due to aggressive soil 
conditions. It is a statutory requirement that all water pipes shall be delivered 
with an external metallic Zinc coating with finishing layers in accordance with 
section 4.4.2 of EN 545:2006 (E), and an internal lining of cement mortar in 
accordance with section 4.4.3 of the same code. Pipeline 
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designers/manufacturers attempt to exclude untimely failures. The standard 
procedure includes the provision of proper pipe design support material and 
protective coatings, Rajani et al. (2003) & 'Doyle et al. (2003). There are 
however still problems of unexpected failure, Osella et al. (1998). 
Water companies are facing increasing adverse comments concerning 
leakages and breakage of water mains that result in loss of supply, unpopular 
disruption and an inability to cope with drought. In 2005, the Water Services 
Regulatory Authority (OFWAT) reported a water loss in England and Wales 
for the yea~ 2004-05 to an approximate value of 3,608 MI/d, 23.4% of total 
available supply and equalled to an average water loss of 10,770 I/d/km. The 
average daily water loss from the year 2000/01 to 2006/07 was between 
21.6% and 23.6% of the total supply. Around 70% of water losses are 
distribution losses resulting from leakages of the water companies' pipes. 
Leakages from services pipes (customers' underground supply pipes) and 
other apparent losses constitute 30% of the total water loss. Although there 
was a fall of 362 MI/d (2.41 %) in water distribution input between 2005/06 and 
2006/07, the percentage of the water lost in the year 2006/07 was however 
22.8%. The reduction in the distribution input was therefore attributed to the 
contribution of efficient water use campaigns, water demand management 
bulletin, (December 2007). Water effiCiency activities gulped around £31 
million in England and Wales in 2006/07, an increase of 24% from 2005/06, 
(OFWAT, 2006/07). The reported water loss of 3,418 MI/d in 2006/07 is 
equivalent to an average daily water need of 23 million people at the rate 150 
litre/person. 
Corrosion of pipelines is one of the major causes of weakening of the strength 
of the distribution pipelines, which subsequently results into water leakage. In 
a recent study conducted by the UK Water Industry Research (2007), it was 
concluded that the growth of corrosion pits to cause holes to develop in the 
wall of metallic pipes is not the prime cause of failure. Old Iron pipes fail when 
there are ground movements which cause bending moments to be applied 
which then cause the pipe to crack. However, the origins of the cracks are 
corrosion pits which act as stress concentrations. This implies that failure 
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does not necessarily depend on pits to penetrate through a pipe wall. In 
addition, the projection of pipes' lifetimes based on wall penetration is 
optimistic in most cases. Although several methods exist for leakage detection 
and corrosion protection of metallic pipes, the problem of pipe failure persists. 
Not all metallic corrosion protection methods used over time have been 
effective in all soil environments. This has reached a point where some 
utilities refuse to specify Iron pipe. Because of the prevailing failures of 
metallic pipes, due to corrosion in particular, plastic pipes have been 
introduced into some distribution systems. However, these pipes and many 
others have limitations to strength and ductility that are unsuitable for high-
pressure transmission systems, Osella (1998). This has made the study of 
water mains corrosion a great challenge. In the wake of ever-growing 
environmental pollution, this research has focused on studying the effect of 
heavy metal contaminants on external corrosion of buried water distribution 
pipelines. 
Cast Iron exists in two main forms; grey and ductile cast Iron, Levlin (2004). 
Grey cast Iron pipe was the most popular water distribution material 
worldwide more than 100 years ago. Ductile Iron pipe was developed in 1940 
from grey cast Iron pipe by adding Manganese into the molten Iron in order to 
distribute the graphite flakes in the grey cast Iron pipe into spherical form. 
This resulted in its ductile nature and an additional strength. The commercial 
production of ductile Iron pipe started in 1955. Due to its wide acceptance, 
ductile Iron pipe had almost completely replaced grey cast Iron pipe in water 
distribution by the 1970s (Kleiner et al. 2001, Rajani et al. 2003 & Levlin 
2004). Accordingly, ductile Iron pipe was selected as the focus of this study. 
" 
This is in line with its predominate use in the water distribution networks in the 
United Kingdom, United States, Canada and many parts of the world 
(Atkinson et al. 2002, Doyle et al. 2003, Levlin 2004 & .Rajani et al. 2003). The 
predomination of ductile Iron pipe in water distribution systems is a reflection 
of its economy, strength, ductility, durability and availability. Presently, there 
exists thousands of kilo meters of grey cast and ductile Iron pipes in water 
distribution networks all over the world (Atkinson et al. 2002, Doyle et al. 
2003, Levlin 2004 & Rajani et al. 2003). For example, the majority of England 
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and Wales water distribution networks of 335,000 km are cast and ductile Iron 
pipes. More than 60% of the US and Canada water pipelines and 57% of the 
Swedish water networks are also grey cast and ductile Iron pipes. Ductile Iron 
pipe is still widely used in new developments, as well as in repairs and 
replacements of defective older grey cast Iron pipes (Rajani et al. 2003). The 
average age of the water distribution system in the UK is 60 years. The 
installations of grey cast Iron pipe started around 1866 in Sweden. Ductile 
Iron pipe took its predominant role in water distribution from the late 1960s in 
Sweden and many other parts of the world. However, on some occasions the 
pipe is vulnerable to corrosion leading to leakages and breakage (Doyle et al. 
2003). Thus, public demand for potable drinking water as well as human 
health is at risk in these cases of unforeseen failure. 
The financing of water distribution systems is normally through public funds 
with a minimum of 50 to 100-year intended life-term for systems including 
mechanical plant, Galleher et al. (2004). Unfortunately, neither the economic 
projection nor the intended networks' life effectively accounts for the impact of 
corrosion. The repairs and replacements of component parts, caused by 
corrosion in particular, cause major and complex problems for the water 
operators and in the UK the utilities are set budgets to reduce leakage and 
fined for non compliance. 
Similarly, environmental pollution is another issue of public concem. The soil 
environment is classed as one of the final destiny for most heavy metals and 
other environmental pollutants, (Beasley et al. 2001, Lukar et al. 1997 & 
Coduto 1999). Surveying the literature' has established the existence of 
several case studies of dissolved and solute heavy metals travelling large 
distances in the soil and water environments (Sprenke 2000, Razo 2004, 
Purohit 2001 & Weng 2000). For example, Sprenke reported up to 38 g/Kg 
(3.8% dry soil weight) of Lead in a historic mining area in Northem Idaho in 
the U.S. and up to 5 gllitre in surface water. These metals react, dissolve and 
move down and across soil strata, Spark (2003) & Denaix et al. (2001). 
Metals can also originate from point and non-point sources, Beasley (2001), 
Lukar (1997) & Coduto (1999). The movement of heavy metals in soil 
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basically occurs through transport mechanisms such as convection, diffusion 
and dispersion in the soil. Researchers, such as Sprenke (2000), Denaix 
(2001), & Ruiz et al. (2001) reported heavy metals at significant soil depths 
ranging from 0.95 to 4.0 metres below the ground surface. Though traceable 
amounts of these metals are required by plants and animals for their nutrition, 
elevated concentrations are undesirable to both and often evenly detectable, 
USEPA (2001). Most of the inorganic chemicals found in contaminated soils 
are toxic metals. Consequently, heavy metals like Copper, Arsenic, Cadmium, 
Chromium, Nickel & Lead are categorised among the most frequently 
occurring environmental pollutants, Ozaki (2004), Dang (2002) & Purohit 
(2001). These metals also occur naturally although usually not mobile in the 
short term unless disturbed by mining activities. 
The same soil environment hosts water distribution networks, mostly Iron 
pipes. The literature review established that although Iron is a sustainable 
recyclable material and commonly used for water distribution pipelines but 
they have a perceived high failure rate that inhibits their use. Generally, pipes 
are buried at depths proportionate to their external diameters with a cover 
depth ranging from 0.3 to 10.5 metres below the ground surface, depending 
on their location (Le. frost) and their intended usage. Heights of soil cover for 
buried pipes are calculated on the basis of the host soil's modulus of reaction 
as given in section 3.3.7 of this thesis (SS EN 545:2006). The causes and 
mechanisms of metallic corrosion are complex and reviewed in section 2.1.2. 
This form of deterioration has long existed in the. water industry but not really 
solved because of the low cost of water compared to replacement or repair of 
water pipes. The problem of metallic pipe failure has mostly been attributed to 
the aggressiveness of the host soil environments, which could be as a result 
of the presence of metals in soil; natural or pollutants. 
Corrosion is reported as the most common form of deterioration affecting the 
structural integrity of metallic water mains (Sadiq et al. 2004 & Galleher et al. 
2004). The aggressiveness of soil is attributed to its properties such as its 
resistivity, pH and microbial activity, Doyle et al. (2003). Some of these 
properties are linked to the presence of heavy metals (chemicals) in soil. 
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Corrosion affects both the strength and durability of metallic pipes by acting 
on their internal and external wall surfaces. This thesis focuses mainly on 
external corrosion which contributes to the general deterioration of metallic 
water distribution systems (Sadiq et aI., 2004). 
Metallic corrosion is an electrochemical process (Osella et al. 1998). This is 
because metals are good conductors of electricity. When a pipeline is buried 
in an aggressive soil, a galvanic current forms and circulates between the 
pipe and its surrounding soil, depending on how conductive is the soil (Osella 
et al. 1998). A galvanic corrosion occurs when two dissimilar metals are 
coupled. This coupling could either be through active or passive contacts, 
Francis, (2001) i.e. radiated by ground water or infiltration. When a contact is 
established between two metals, the more electronegative metal acts as an 
anode, and the more electropositive metal acts as a cathode. In the process 
of cathodic reaction, the more electronegative metal, which could be a buried 
metallic pipeline, suffers a weight loss and corrodes. Perhaps, other metals in 
the soils could subject buried ductile Iron pipes to the risk of external 
corrosion, when they come into contact in soil and water. 
The most likely heavy metals that could affect ductile Iron pipe in a galvanic 
corrosion process are those placed above the ductile Iron (cast Iron) in the 
galvanic series. The likely metals are also those most frequently used and 
likely to be common in contaminants. The following metals were selected in 
this research based on their frequent occurrence as soil and water 
contaminants, as well as their relative positioning above ductile (cast) Iron in 
the galvanic series: 
• Chromium (Cr) 
• Copper (Cu) 
• Lead (Pb) 
• Nickel (Ni) 
These metals are also among the priority environmental pollutants (USEPA, 
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2001 and WHO, 2004). Although there is an extensive literature covering 
aspects of environmental pollution and external corrosion of water distribution 
pipelines, there is still a high degree of uncertainty because of the complex 
and wide range of factors causing pipe failures, Sadiq et al. (2004). The 
reported quantities and the travel zone depths of heavy metals in soil 
therefore warrant further investigations as to whether or not they have a role 
in propagating metallic pipe corrosion. 
This research conducted controlled experiments in which two ductile Iron pipe 
sections were buried in sand and subjected to different metal contaminants at 
ground level. This was to establish the effect of heavy metals such as Copper, 
Chromium, Nickel and Lead on external corrosion of ductile Iron pipes (DIP). 
Column experiments with the sand and gravel commonly used for bedding 
materials surrounding the pipes were also conducted concurrently with the 
main experiments and these served to determine background levels of metals 
needed to discriminate between material leaching from sand and gravel, and 
contaminants. In addition, internal corrosion experiments were made with 
raised levels of Copper, Chromium, Nickel and Lead in drinking water 
circulated through the two ductile Iron pipe sections used in the external 
corrosion experiments. One of the pipe sections was internally lined with a 
cement mortar while the other one was internally unlined. The experimental 
results are presented and discussed in this thesis to contribute to research on 
deterioration of water quality in distribution systems and on the effects of 
pollution of the soil environment by heavy metals. 
1.3 Aim and objectives of the study 
1.3.1 Aim of the study 
The aim of this study was to establish the risk of pipeline corrosion, both 
external and internal, from inorganic chemicals in contaminated soils and in 
drinking water. Copper, Chromium, Nickel and Lead were investigated for 
their effects on both external and internal corrosion of ductile Iron distribution 
pipeline. 
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1.3.2 Objectives of the study 
• To review the sources and concentrations of heavy metals in soil. 
• To review the interactions between heavy metals and environmental 
soil. 
• To review the movement of heavy metals in soil. 
• To review the processes of ductile Iron pipe deterioration. 
• To investigate the potential corrosive effects of heavy metals on buried 
ductile Iron pipeline both internal and external damage. 
• To conclude and make recommendations concerning the role of 
interactions on the rates of pipe corrosion. 
1.4 Structure of the thesis 
This thesis aims to investigate potential links between corrosion and 
deterioration of water quality in distribution systems, ductile Iron pipe with 
environmental pollution by heavy metals. The thesis is divided into six 
chapters. 
Chapter 1 consisted of a general introduction with background to the study, its 
aim and objectives. 
Chapter 2 covers a review of literature on the sources, concentrations, and 
movement of heavy metals in soil, and previous work on the deterioration of 
ductile Iron water distribution pipeline. 
Chapter 3 reports on the methodology of the study that involved the 
development of experimental apparatus and selection of different 
experimental variables. 
Chapter 4 reports on the conduct and results of the different column and other 
control experiments designed to provide background levels of metals to the 
main investigative studies. 
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Chapter 5 covers the results of the main investigations carried out to assess 
the effect of heavy metal soil contaminants on buried ductile Iron water 
distribution pipeline. It also reports on the internal corrosion of the pipe due to 
raised levels of metals in drinking water. 
Chapter 6 discusses and summarizes the details of the main results acquired 
from the experiments and interprets their likely impact on pipeline design. It 
also outlines conclusions from the findings of this research and makes 
recommendations for further work. 
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Chapter Two: Literature review 
2.1 Deterioration of ductile Iron pipelines 
2.1.1 Introduction 
This chapter presents a review of the literature on metallic pipe deteriorations, 
pollution of soil environments by metals and the effects of these metals on 
metallic pipes. Pipes are widely used in different industries in transporting 
materials such as fluids and cables. Due to the aggressive nature of their 
locations and what they conduct, pipes are required to sustain various 
environmental hazards. The greater risk is external deterioration due to soil 
conditions, Rajani et al. (2003). Ductile Iron pipe was selected as the focus of 
this study. From the late 1960s, ductile Iron pipe has been the common 
material used in water distribution networks worldwide. Its selection in this 
study was based on its predominant use in the UK, US, Canada and many 
other countries (Atkinson et aI., 2002, Doyle et aI., 2003 & Rajani et aI., 2003). 
The popularity of ductile Iron pipe is derived from its economy, strength, 
durability and availability. Since its introduction into the water industry (as 
simple cast Iron pipe), it has virtually replaced the older grey cast Iron pipe 
(Kleiner et aI., 2001, Rajani et aI., 2003 & Levlin, 2004). Both types of pipe are 
vulnerable to corrosion leading to leakages and breakage, Doyle et al. (2003). 
This type of corrosion has been reported as one of the main challenges facing 
the water industry. The financing of replacement of water distribution systems 
at up to £1 million per kilometre is normally through public funds with a 50 to 
100 year lifetime. However, neither this economic projection nor the intended 
network life can effectively account for the impact of corrosion at present, 
Galleher et al. (2004). The literature includes a wide range of studies on water 
mains' corrosion but the results are variable and models unreliable as yet the 
literature reveals that although Iron is a sustainable recyclable material and 
commonly used in water distribution, it also has a high failure rate, Doyle et al. 
(2003) & Levlin (2004). 
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Iron materials are classed as ductile, grey, white and malleable based on the 
forms and shapes of the carbon content in the main Iron matrix, Walton 
(1981). Ductile Iron Pipe is a class of Iron-based pipes developed from grey 
cast Iron by adding Manganese into the low Sulphur molten Iron in a ratio of 
%S x 1.7 + 0.15 = %Mn and this is done under controlled conditions. The pipe 
is composed of Iron (Fe), Carbon (C), Silicon (Si), Manganese (Mn), Sulphur 
(S) and Phosphorus (P). Table 2.1 shows the percentage range of each 
element in ductile Iron matrix. The other cast Iron materials differ from ductile 
Iron in the following ways. (1) Grey cast Iron, known as lron-carbon-silicon 
alloys, has an appropriate Iron composition and cooling rate. The carbon 
contain separates from the base Iron during solidification to form 
interconnected graphitic flakes. The mechanical properties of grey cast Iron 
are influenced by the distribution of these flakes. (2) White cast Iron is formed 
through rapid cooling of Iron carbide, known as cementite. (3) Malleable cast 
Iron has its carbon content occurring in the microstructure as irregularly 
shaped graphite nodules. This is called temper carbon and is formed in the 
solid state during heat treatment. The carbon equivalent in cast Iron pipe is 
%C + 1/3 %S or %C + 1/3(%S + %P) = 4.3%. 
Elements Fe C Si Mn S P 
92.1 to 3.0 to 1.8 to 0.1 to 0.01 to 0.01 to 
% Range 
95.1 4.0 2.8 1.0 0.03 0.1 
Table 2.1 Percentage of elements In Ducllle Iron matrix . 
As shown in Table 2.1, the main material in ductile Iron is recycled ferrous 
including scrap Iron and steel. The added Manganese in the molten Iron 
reacts with sulphur to form MnS instead of FeS in grey cast Iron. This process 
changes the shape of the graphitic flakes in the grey cast Iron pipe into 
nodular (spheroids) shapes in ductile Iron pipe. With the graphites in spherical 
form, the regularity and continuity of the matrix is at utmost, influencing 
strength, ductility and toughness. As a result, ductile Iron pipe has a near to 
single structural phase, which gives it a strength as double as that of a grey 
cast Iron pipe. It also has an ability to bend or deform in reaction to external 
loads. This makes it suitable for pressure, gravity and high extemal pressure 
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applications. In addition, ductile Iron pipe has impermeable pipe walls in 
contaminated soils, Najafi et al. (2005). 
2.1.2 Failure of ductile Iron pipeline (DIP) 
A number of studies have reported structural deteriorations in cast Iron and 
ductile Iron pipes. Their percentages of use in water distribution, modes and 
causes of their failure are summarised but in general ductile Iron pipe is not 
as resistant to corrosion as grey cast Iron pipe. This is related to their 
compositions and different physico-chemical bonding. 
In a paper submitted to USEPA, AWWA (2007) made an inventory of water 
distribution systems, a review of system integrity and water quality in the US. 
The aim of this project was to revise the Total Colifonm Rule (TCR), which is 
the federal regulation under the Safe Drinking Water Act (SDWA) that sets 
Maximum Contaminant Levels (MCLs) and monitors requirements for certain 
biological contaminants. The paper outlined the installation periods of the 
water distribution systems in the US. Table 2.2 shows the period of 
predominant use of each of the water distribution materials in the 20th century. 
It can be noted from the table that steel was predominantly used as water 
distribution material from 1940 to the end of that century. From 1940 to 1953, 
steel pipe was used without both internal and external corrosion protections. 
However, the use of a cement mortar for protection against internal corrosion 
started in 1953. Cast Iron pipe took a predominant role in the US water 
distribution networks from 1900 to 1973. Within this period there was no 
external corrosion protection to cast Iron pipe however the use of cement 
lining for protection against internal corrosion was developed in 1937. The use 
of ductile Iron pipe started in 1967. Between the year 1967 and 1972, there 
was no external protection to this pipe. However, external corrosion protection 
with Polyethylene encasements (PE) started in 1973. Since the beginning of 
ductile Iron's use, a cement mortar has been used to protect it against internal 
corrosion. The periods of predominant use of other pipe materials are also 
shown in the table with the molecularly oriented PVC as the newest pipe 
material, which was brought into the US water distribution systems in 1997. 
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Internal External 
Material 
Age of predominant 
corrosion corrosion 
use 
protection protection 
Steel 
a) 1940 to 1953 a) None a) None 
b) 1953 to 1999 b) Cement a) None 
a) 1900 to 1919 a) None a) None 
Cast Iron 
b) 1920 to 1937 b) None b) None 
c) 1937 to 1957 c) Cement c) None 
d) 1953 to 1973 d) Cement d) None 
Ductile Iron 
a) 1967 to 1999 a) Cement a) None 
b) 1973 to 1999 b) Cement b) PE 
Asbestos Cement 1953 to 1967 Material Material 
Reinforced Concrete 1947 to 1999 Material Material 
Pre-stressed Concrete 1947 to 1999 Material Material 
Polyvinyl Chroride (PVC) 1973 to 1999 Material Material 
High Density PE 1990 to 1999 Material Material 
Molecularly Oriented PVC 1997 to 1999 Material Material 
Table 2.2 Tlmeilne of Pipe Technology In the US In the 20 century (AWWS Co., 2002) 
The paper continued to present the proportion of the existing pipe materials in 
the US water distribution networks. Table 2.3 shows the percentage of the 
primary types of existing pipes in 1992. It can be seen from this table that Iron 
pipes constitute 67.2% of the 1.42 million km (880,000 miles) existing 
networks length. 
Cast Iron Ductile Iron Asbestos- Others 
Pipe type cement 
% 48.0 19.2 15.1 17.7 
Table 2.3 Percentage of pnmary types of eXisting pipes In 1992 In the US 
Because of ductile Iron's economical and structural advantages, its 
percentage increased to 47.7% in the annual estimate for new pipe 
installations (21,240 km/year), as shown in Table 2.4. 
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Pipe type Ductile Iron PVC pipe Concrete 
pipe pressure pipe 
% 47.7 38.7 12.5 
.. Table 2.4 Estimated new PIPing 13,200 miles/year In the US from 1992 
The condition of piping materials more than 30 years old was assessed and 
reported as 28% excellent, 43% good, 26% fair and 3% poor. These figures 
were worked out on the basis of the reports from 20 US water utilities. The 
estimated number of pipe breaks was 237,600 breaks/year giving a value of 
17-breaks/100 km/year. As a result of these breaks, US utilities incur an 
estimated cost of US$1.742 billion every year for the replacement of around 
7,080 kilometre of pipes. This resulted in a gross cost of water losses of $2.8 
billion every year. 
In another report prepared by Rajani & MacDonald (1995) on behalf of the 
National Research Council of Canada, the existing water pipe materials in 
Canada in 1992 and 1993 were reported. The proportion of these materials, 
shown in Table 2.5, were similar to the proportion of the existing- pipe 
materials reported in the US around the same time. The average pipe breaks 
in Canada was 35.9 for cast Iron, 9.5 for ductile Iron, 5.8 for asbestos cement 
and 0.7 for PVC breaks/100 km/year. This gave an overall average of 21 
breaks/100 km/year. This average value was higher than the US average of 
17 breaks/100 km/year. The difference could be as a result of differences in 
soil bedding, backfill materials, groundwater conditions, installation and 
operational factors, and above all these there is an extreme cold condition in 
Canada. 
Pipe type Cast Iron Ductile Iron Asbestos- PVC Pressurised-
cement concrete 
% 50 24 12 10 4 
Table 2.5 Percentage of primary types of eXisting pipes In 1992 and 1993 In Canada 
This project covered 21 major cities of Canada, representing 11 % of the 
Canadian 28.55 million population. The estimated total pipe length within the 
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study area was 17,554 km. In order to repair one pipe break, the Canadian 
water utilities incur an average cost of $2,500. The utilities require $9.2 million 
to repair an average annual breaks of 3,687 in the study area. This summed-
up to an estimated annual national repair cost of $82 million for a rough length 
of 160,000 km of pipes. 
In addition, this study reported that the failure mode of cast Iron pipe was 64% 
circular/circumferential, 20% hole/pit and 16% equally distributed amongst 
longitudinal, joint and others (unclassified). Ductile Iron pipe differed from cast 
Iron pipe by having most of its failures caused by holes or pits. In the case of 
an asbestos cement, its failure was mainly circular with 'about 13% 
unclassified. 
Levlin (2004) reported the percentage of pipe materials in use in Sweden. It 
was reported that Iron pipes were the predominantly used materials for water 
mains with about 57% of the total water pipe length in the country. Table 2.6 
shows the percentage of pipe materials and their respective total lengths, This 
was for main and distribution water pipes in Sweden. The table was derived 
from the Swedish Water and Wastewater Works Association (VAV 1990). The 
use of a cast Iron pipe in large scale started far back around 1848 in Sweden. 
This was the time when casting of the pipe in vertical mould was introduced. 
The use of bitumen as external corrosion protection also started around the 
same time. Due to the wide acceptance of the new improved cast Iron pipe, it 
was chosen as the material for water pipelines in the water and sewage 
network plan for Stockholm in 1866. This then followed its wider use across 
the country. The percentage of grey cast Iron pipe included ductile Iron pipe 
(which is its replacement since 1970). Since the introduction of ductile Iron 
pipe in Sweden in 1970, it has been in use for new constructions and 
replacements of the older grey Iron pipes. The average age of the Swedish 
Iron pipes is more than 50 years for cast Iron pipe and more than 15 years for 
ductile Iron pipe. However, considering the age of the early installed water 
networks of about 100 years before the introduction of ductile Iron pipe, grey 
cast Iron constitutes a greater length of the water pipes than ductile Iron. 
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Pipe material Percent (%) Length (Km) 
Cast Iron (Ductile & Grey) 57 34,270 
Steel (galvanised) 7 4,433 
PVC 21 13,030 
Polyethylene 10 6,248 
Other (for concrete) 5 3,156 
Total 100 61135 
Table 2.6: Installation capacity of water mains In Sweden 
Failure PVC Galvanise Other Grey Ductile Polyethylene Other 
(%) d steel steel (%) cast Iron cast Iron (%) material 
(%) (%) (%) s (%) 
Uneven setting 11 2 3 20 18 7 10 
Material defects 30 1 
Corrosion 89 94 16 60 7 10 
Default work 4 1 18 43 
Other 4 1 4 14 
Unspecified 51 9 3 61 29 80 
Total (%) 100 100 100 100 100 100 100 
Table 2.7: The percentage of failure causes to different water pipes In Sweden 
The Swedish Water and Wastewater Works Association (VAV) in 1990, 
conducted a survey on the failure of different water materials. The result of the 
survey, given as average failure per kilometre per year was 1.0 for PVC, 0.3 
for PE, 004 for ductile Iron pipe, 1.9 for grey cast Iron pipe, 1.4 for galvanised 
steel and 3.3 for other steel. This gave a national average of 120 
breaks/100km/year. This value was significantly greater than 17 and 21 for 
the US and Canada, indicating more problems of pipe failures in Sweden than 
the US and Canada. This result shows ductile Iron with a failure value of 
O.4/km/year just second to Polyethylene pipe. The other materials were above 
ductile Iron pipe in failure frequency. As can be seen in Table 2.7, ductile Iron 
pipe was mostly affected by corrosion (60%) as against grey cast Iron pipe 
which failed mostly due to breaks caused by uneven setting in soil. The rate of 
failure might be the reason why Sweden had chosen ductile Iron pipe as their 
water distribution material. 
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Rajani & Kleiner (2001) reported physical mechanisms leading to deterioration 
of water pipes. They divided these mechanisms into three. 
• . Pipe properties, material composition, pipe-soil interactions and 
installation methods. 
• Internal and external loads acting on the pipes. 
• Material deteriorations due to internal and external chemical, 
biochemical and electro-chemical environments. 
Previous studies indicate the main external deterioration mechanism for grey 
cast Iron and ductile Iron pipes as electro-chemical corrosion. The UK Water 
Industry Research (UKWIR, 2007) has described the origin of pipe cracks as 
corrosion pits that act as stress concentrations and subsequently cause the 
pipe to fail. Pitting reduces pipe strength leading eventually to a total structural 
failure. In general, the factors that influence ductile Iron external corrosion are 
the soil characteristics and stray electrical current. These characteristics 
include chemical and microbiological soil-contents, resistivity, amount of 
oxygen and its redox potential and moisture content. The chemical content 
would include heavy and transition metal contaminants in the soil. 
Makar (2000) reported on the mechanisms that link the application of external 
forces on a pipe to the actual failure of the pipe. The study was carried out on 
failed pipe sections that were obtained from the Regional Municipality of 
Ottawa-Carleton (RMOC) in Ontario, Canada. This study was aimed at grey 
cast Iron but its outcome is relevant to all other Iron-based materials, such as 
ductile Iron pipe. The factors responsible for cast Iron pipe failure were 
reported as external loading, internal pressure, manufacturing defects and 
corrosion damage. The regular failures were bell splitting, through hole pits, 
circumferential cracking and longitudinal cracking. In the course of their study, 
over a period of one year, it was found that pipe blowouts occur when 
corrosion or graphitisation reduces the strength of the pipe wall at a pOint 
where pressure surge causes wall to rupture. Graphitisation is the name 
called the network of graphite flakes that is left after the Iron in a pipe has 
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been leached away by corrosion. Some tested pipes (with bituminous external 
coating cover) exhibited long and thin corrosion pitting (deep penetration of 
the pipe wall). These pits were nearly circular in nature. Subsequently, failures 
occur as the wall thinned-out. This was a clear indication that coatings are 
unable to provide total corrosion protection (e.g. Rajani et al. 2003 & Doyle et 
al. 2003). In conclusion, pitting was successfully correlated to external 
corrosion, and was found to be a single stage process (where failure occurs at 
once). 
Engelhardt et al. (2000) reported that constant changes in the requirements 
for drinking water quality and variable flows cause systems deterioration. 
They also noted however that the surrounding environment contributes greatly 
to these deteriorations. There were external forces acting on a pipe; the 
interactions between pipe and flowing fluids and the external corrosion action. 
According to this study, metallic pipes are strong enough to withstand the 
pressure surges associated with flow but they are vulnerable to corrosion. 
Corrosion current flows between metallic water mains and the surrounding 
soils. This flow of electrons results in a subsequent loss in parent materials. In 
both internal and external corrosion of water main, chemical by-products 
(hydroxides, oxides, carbonates and phosphates) are produced from the 
reactions of the parent materials. These by-products can be washed away by 
pressure changes and external groundwater flows. 
Sadiq et al. (2004) proposed a risk analysis for application to corrosion-
associated failures in grey cast Iron water mains. Its content however, 
explained the changes in corrosion rate with age, external (environmental) 
and internal (operational) factors. It concluded with information on pipe failure 
due to structural deterioration. The rate of corrosion in uncoated cast Iron 
pipes is generally very high at the start but then is acceptable. Internal coating 
of Iron pipe as a prote'ction to corrosion started in 1937 and external coating in 
1973. There exists a considerable length of uncoated pipes, for example in 
the US with pipes more than 70 years old (AWWA, 2007). This suggested that 
corrosion is a self-inhibiting process as a coating of Oxide, Phosphate etc 
build up. Anti-corrosion products improve metals' protective properties with 
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age. As a result of this improvement, the rate of corrosion is slowed down as 
time goes on (Ahammed & Melchers, 1994). It was concluded that structural 
deteriorations cause failure of metallic pipes. This was evident by a reduction 
in the pipe's capacity to resist imposed environmental and operational 
stresses. Corrosion is therefore, the main cause of structural deterioration of 
water distribution mains. The literature review therefore has indicated that 
corrosion is a major if not the major cause of structural or load failure. Little 
well quantified data on corrosion products or metals released by polarization 
was found in the literature. This technique for measuring rates of corrosion is 
to be explored in this research. 
2.1.3 External corrosion of Iron mains (corrosion chemistry) 
The risk of a pipe failure by a reduction in its wall thickness and pitting is 
progressive. Wall thinning, coupled with internal fluid pressure or external 
stress can cause disastrous system failure ultimately to the extent of losing 
products and services. Hence, it is likely that galvanic and electrolytic 
corrosion of buried water mains could be accelerated by heavy metal 
contaminants in their vicinity. This could happen in the form of galvanic 
corrosion. 
2.1.4 Causes of external corrosion 
There are a number of factors causing ductile iron pipe corrosion but the 
general mechanisms of ductile Iron external corrosion are similar to those for 
steel and other forms of iron-based pipes. Below is a summary of the 
literature on the external corrosion of ductile iron and related pipes. 
In a study carried out in Calgary-Canada, Rajani et al. (2003) attributed 
external pipe corrosion to several environmental conditions. The conditions 
are as follows: , 
• Aggressive soil conditions 
• Presence of dissimilar metals 
• Presence of stray electrical current 
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Corrosion of metals is an electro-chemical process, Osella et al. (1998). This 
is because of their high electrical conductivities. The prominent types of 
corrosion are galvanic and electrolytic, Rajani et al. (2003). These types of 
corrosion differ in their sources of electrical current. A galvanic corrosion 
generates current within its own cells. But an electrolytic corrosion depends 
on an external circuit and source for the supply of its current. When a pipeline 
is buried in an aggressive soil, a galvanic current forms and circulates 
between the pipe and surrounding soil, depending on the electrical 
conductivity of the soil. A galvanic corrosion occurs when two dissimilar 
metals are coupled. The more electronegative metal acts as an anode while 
the more electropositive metal acts as a cathode (see Table 2.6). When a 
cathodic reaction takes place the more electronegative metal, which often is 
the pipeline, suffers a weight loss and corrodes. 
Corrosion affects water distribution systems even to a greater degree more 
than it would be expected from Galvanic series, Galleher et al. (2004). 
External corrosion contributes greatly towards the general deterioration of 
ductile cast Iron water distribution systems but interactions between pipes and 
their aggressive surrounding media (soils and water) is more complex than 
just galvanic or electrolytic. The extra aggressiveness of soil is attributed to 
properties such as the pH value and microorganisms as well as its 
conductivity, Doyle et al. (2003). 
The difficulty in explaining the exact failure mechanisms of ductile/grey cast 
Iron pipes was however stressed. Rajani et al. (2003) reported on two types of 
corrosion-related failures observed in steel, ductile Iron and grey cast Iron 
pipes as follows: 
1. Corrosion pitting: this process occurs as a result of a localised 
corrosion. Pits (holes) are formed in pipe walls. The holes initiate and 
grow from the internal and external sides of the pipe wall to a point 
where the wall is penetrated. Well-grown pits can cause weakening of 
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the pipe structure. As a result of this any excessive pressure could act 
to fail the pipe. 
2. Connecting grey Iron pipe with ductile Iron pipe. As reported earlier, 
grey cast Iron pipe is no longer in use. The graphitic flakes in the grey 
cast Iron however cause its relative weakness and lack of ductility. A 
ductile Iron pipe is stronger (close to steel) than the grey cast Iron pipe 
because of its transformation in molecules. Chemistry makes it the 
lower in the electrochemical series as such the new pipe (ductile Iron) 
will corrode in preference to the old grey cast Iron pipe when 
connected together. This might also be related to the difference in their 
wall thicknesses. 
The conclusive report of Rajani was that corrosion is faster near service lines 
(copper tubes). This suggests a common result when ductile Iron pipe is in 
contact with Copper or other passive heavy metals. The majority of the pipe 
failures were observed in corrosive clay and silty-clay soil (which is dominant 
in the study area, Calgary). The rate of failure of metallic pipes in corrosive 
clays was reported to peak in the winter seasons, especially during long cold 
spells or cold spells following long dry spells. Most of these failures were 
attributed to mechanical failure at locations already weaken by corrosion. 
Doyle et al. (2003) assessed the role of Canadian soils in the deterioration of 
water mains. The city of Toronto was reported to have about 5,300 kilometres 
of water distribution mains. Two-thirds of this length is grey/ductile Iron pipe. 
Unfortunately, the rate of failure in the network was very high. This study 
attributed the high rate of failure to the aggressiveness of the surrounding 
soils (mainly clay). 
The experimental analyses carried-out analysed a number of soil parameters 
as follows. 
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• Resistivity range: 2000-5000 ohm.cm. Low values indicate good 
conduction of corrosion current; as such an increased risk of corrosion 
is expected. 
• pH "27: high values promote the growth of sulphate reducing bacteria. 
• Sulphate content: 2-7 mg/kg dry soil; an indication of significant 
quantity. 
The parameters of the Toronto soil were evaluated in laboratory trials to 
measure different corrosion rates. The rate of corrosion varied from 0.058-
0.11 mm/yr, depending on the soil resistivity values. The conclusions derived 
from the project were as follows: 
1. Resistivity was closely related to number of pitting cavities. 
2. The American Water Works Association (AWWA)'s corrosion system 
adequately predicts corrosive soils but over-predicts non-corrosive 
soils. 
3. The majority of the water mains were not at risk from microbial 
corrosion. 
4. Resistivity divided the zones of corrosion risk, within the study area. 
The analyses results showed that resistivity was strongly correlated to 
maximum pitting. However, it was argued that resistivity did not account for all 
the variations in the pitting rates. This further strengthens the need to study 
other factors that could affect metallic corrosion in soil. 
Srikanth et al. (2005), investigated the corrosion of a pressurised water pipe 
in India. The pipe was mild steel, used for fire extinguishing operations, at a . 
pressure of (10.5 kgf/cm2). The pipe was not cathodically protected but has an 
externally rounded bitumen coating of 3-4 mm thickness. This study reported 
common types of corrosion of buried pipelines as: 
• Pitting corrosion due to material inhomogeneity. 
• Chloride or sulphate induced attack and stress-cracking corrosion. 
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• Corrosion by redox concentration cells in the soil, arising from the 
. differences in oxygen concentration in different regions. 
• Microbiologically induced corrosion particularly under anaerobic 
conditions by sulphate-reducing bacteria (SRB) and acid-producing 
bacteria (APB). 
• Stray current corrosion by earth returned direct currents. 
After conducting additional laboratory tests, it was concluded that the 
corrosion in the pipeline was mainly due to stray current. 
Summary of the causes of corrosion 
In summary, the causes of ductile iron pipe external corrosion are 
• Presence of galvanic corrosion cells (galvanic corrosion). 
• Presence of electrolytic corrosion cells (electrolytic corrosion). 
• Favourable conditions for the growth of sulphate reducing bacteria 
(microbiological corrosion). 
• The pH influence (in both acidic and alkaline environments) depending 
on soil type. 
2.1.5 Failure mechanism of pipeline coatings 
There are several types of protective coatings used to protect metallic objects 
against corrosion, (Gillings, 1976). These include metallic coatings such as 
Zinc and Cadmium, inorganic non-metallic such as glass and enamel, and 
organic such as paints. Amongst all, galvanised metallic coatings are the most 
used in protecting water pipelines against the action of corrosion (refer to 
section 4.4.2 of EN 545:2006 (E». Pipelines are normally invisible and 
exposed to unknown subsurface conditions. Most defective pipelines have 
protective coatings which have failed, Makar, (2000). In circumstances where 
an over voltage is applied, a cathodic disbonding of the coating may result 
over time. An increase in pH at the cathode is another possible reason for 
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separation of the coating. This could happen due to an increase in hydroxyl 
ions (OH-) at the cathode which occurs at a pit or due to discontinuity in the 
coating, or through the reduction of oxygen from solution forming more 
hydroxyl ions. When contaminants or oxides are dissolved in water, they enter 
any gap in between the coating and a pipeline to cause swelling and prise the 
coating from the pipe. This in return results in a reduction in wet adhesion. 
When the vicinity dries up, the adhesion may not always be fully recovered. 
Many researchers (e.g. Rajani et al. 2003 & Doyle et al. 2003) are of the view 
that coatings are unable to provide total corrosion protection but work by a 
maximum reduction of its effects by limiting the flow of the corrosion current 
across the surface. Rajani et al. (2003) reported that loose polyethylene 
wraps between ductile iron water mains and their surrounding soils could 
create moist-air gaps, which could form pockets that might reduce the 
effectiveness of a cathodic protection. 
2.1.6 External corrosion mechanisms 
As mentioned earlier, corrosion mechanisms of ductile iron pipe were similar 
to those of other iron-based materials. The major mechanisms are 
summarised below. 
2.1.6.1 Pitting corrosion 
This is a point-concentrated corrosion that occurs as the metal dissolves 
leaving a deep hole through the pipe wall. This type of corrosion is common in 
ductile Iron pipe. It can occur simultaneously with other types of corrosion. 
"Pitting corrosion occurs because of the formation of local galvanic cells 
between the top of the pit that has access to oxygen (cathode) and the bottom 
of the pit that is depleted from oxygen (anode)" Srikanth et al. (2005). 
2.1.6.2 Galvanic corrosion 
This is the type of corrosion that occurs when dissimilar metals are coupled in 
a conducting fluid. It can occur with physical or passive contacts (Francis, 
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2001, pg. 22). When a ductile Iron pipe contacts Cr, Cu, Ni, Pb or other 
passive metals, the pipe will act as an anode of a galvanic cell. Therefore, it 
will corrode preferentially to the passive metals (cathode). Most metallic 
objects experience a significant corrosion rate when immersed in an 
electrolyte. The coupling of two dissimilar metals changes their single-
corrosion rates. When this happens, the rate of corrosion of the more 
electronegative metal (anode) is increased beyond its normal rate, when in 
isolation. However the rate of corrosion of the more electropositive metal 
(cathode) is reduced, in some cases to zero by deposition. 
Francis (2001) described the principles for an occurrence of a galvanic 
corrosion. When a metal is placed in an electrolyte, it acquires an electrode 
potential. This potential is the difference between the anodic and cathodic 
reactions taking place at the metal surface. This determines the metal's 
tendency to corrode. When two metals of different potentials are coupled, an 
equilibrium is established between their potentia Is. In so doing, corrosion 
current flows from the more electronegative metal (anode) to the more 
electropositive metal (cathode). This current increases the rate of corrosion at 
the anode. 
A metal's electrode potential depends on the changes in temperature, liquid 
flow rate and level of aeration. In general, for a galvanic corrosion to occur 
certain requirements must be reached. These requirements are as follows: 
• There must be an electrolyte that will link the two metals. 
• There must be an electrical connection between the metals. This could 
be a direct physical contact or in the form of an established electrical 
continuity. 
• There must be a sufficient potential difference between the metals in 
order to have a significant galvanic current. 
• There must be a cathodic reaction, which will consume the dissolved 
oxygen in the reaction, in most cases. 
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2.1.6.3 Stray current corrosion 
This occurs when an external current flows through corrosion cells in which a 
metal pipe forms a part. The source might be an alternating current (AC) or a 
direct current (DC). Stray current corrosion is restricted to a few small points 
of electrical discharge, Srikanth et al. (2005). It can however cover a long 
distance because of the likelihood of a separation between the anode and 
cathode, and ease of reduction through the metal. 
2.1.6.4 Microbial corrosion 
This is the type of corrosion influenced by the presence of sulphate reducing 
bacteria (SRB). It occurs in both aerobic and anaerobic conditions. 
2.1.6.5 Graphitisation corrosion 
This occurs in grey cast iron pipes. It is influenced by anaerobic conditions. 
When this occurs, iron material is attacked leaving residual graphitic flakes, 
which later fail under stress actions (Francis, 2001, pg. 30). 
2.1.7 Losses in water distribution networks 
Public concerns on future availability of portable water is inevitably increasing 
around the world. Surface water resources are insufficient as water demand 
continually increases globally to such an extend that more dams are highly 
needed. The use of groundwater in some places has given rise to a problem 
on groundwater quantity and quality. In the wake of ever-growing prediction of 
water shortage, identification and development of measures to tackle water 
problems and reduce its wastage have become eminent. Water lost from 
distribution networks has been accepted around the world as the main 
challenge facing the water industry. Around 20% of available daily treated 
water is lost internationally within distribution networks. 
McKenzie & Seago (2005) based their study to assess the real losses in water 
distribution networks on the International Water Association (IWA) "best 
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practice" standard water balance. The standard water balance defined 
different components of water usage and losses .. as shown in Figure 1. 
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Consumption "l.)nbilled' 
Water 
Distribution 
Input 
Billed Water EXDort 
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Storage Tanks 
Lealqige on Seryic,e Cori,ri~tions 
uptopoint of Customer Meter 
The IWA "best practice" standard water balance 
Revenue 
Water 
':>,': 
Non 
This study discussed the achievements made in the development of water 
balance models, which help significantly in accounting for real and apparent 
water losses. The study was able to compare Infrastructure Leakage Index 
(Ill) from across four continents namely; America, Europe, Australia and 
Africa. An Infrastructure Leakage Index is an indicator used to identify water 
utilities with serious leakage problems. The data gathered by McKenzie & 
Seago indicated a variability in III values from one continent to another, and 
is presented in Table 2.8. 
Places Mean ILl Median ILl No. of Utilities 
England & Wales 2.58 2.44 20 
USA&Canada 4.90 4.27 20 
Australia 2.99 2.30 20 
South Africa 6.26 4.97 27 
Table 2.8 Infrastructure Leakage Index (Ill) results from across the globe 
28 
Chapter Two: Literature Review 
The results above show that the utilities in England & Wales, and Australia 
are operating at relatively low Ill. This was attributed to strict measures of 
leakage reduction imposed upon utilities by OFWAT and Australian 
authorities. This proves the ability of some England & Wales utilities to reduce 
leakage below the economic level of leakage (ELL). Despite the general trend 
that developed countries have low Ill, a mean III value of 4.90 from USA & 
Canada was an indication of water distribution networks with high leakage 
levels. Developing countries have very high values of Ill, for example South 
Africa has a value of 6.26. This is not unconnected to the fact that although 
water is very cheap in developing countries compared with other developed 
nations, the consumers there are still not willing to pay for this essential 
commodity. Kansal et al (1995) suggested another possible reason in the 
developing countries that it is a major problem to provide adequate quantity of 
potable drinking water to everyone. This makes the development of the old 
passion distribution systems very expensive as any cost invested will be 
highly difficult to be regained . 
. 2.2 Heavy metals 
2.2.1 Introduction 
Heavy metals in this thesis have been defined as chemical elements with an 
atomic density greater than 5 g/cm3. Examples include Copper (Cu), Zinc 
(Zn), Chromium (Cr), Cadmium (Cd), Lead (Pb) and Silver (Ag). Some are 
essential nutrients to plants and animals at trace levels (Sparks, 2003). Some 
are accumulative toxins, (e.g. Cadmium and Lead). However, exposure to 
their elevated concentrations is undesirable to both plants and animals. 
Elevated concentrations of heavy metals are also hazardous to human health 
(USEPA, 2001). These metals are categorised as among the most common 
environmental pollutants, for example Cu in soil (Ozaki et al. 2004, Dang et al. 
2002 & Purohit et al. 2001). The knowledge on the effects of heavy metals on 
buried ductile iron pipe is still not clear in the literature, and whether or not 
they may contribute in propagating external corrosion of the pipe. The theory 
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in terms of galvanic series and increasing conductivity indicates their 
presence should accelerate corrosion. Accordingly, this section of the review 
provides information on heavy metals' availability and concentrations in the 
soil environment. The section is a review of the likely effects of heavy metals 
on external corrosion of ductile iron pipeline. Finally, the section concludes 
with some comments on the adverse effects of heavy metals on human health 
based on literature describing situations where there has been ingress. 
In general, literature indicates that the information on heavy metals invariably 
depends on the type/mode of study engaged upon. Soil and sediments are 
the usual final destiny of all heavy metals and other contaminants used by 
industry. Metals may continue to exist in these environments long after their 
primary sources had been removed (Cal-Prieto et al. 2000). Soil plays an 
important role in transporting heavy metals beneath the ground surface. 
Unfortunately, the knowledge on how these metals bind to soils and the ease 
of removing them is very limited (Banat et al. 2005). 
2.2.2 List of Heavy Metals 
Some heavy metals are likely to promote galvanic corrosion of buried metallic 
objects. This could be possible through the formation of electro-chemical cells 
between the metals and buried objects, e.g. ductile iron pipe. The galvanic 
series could be a basis for identifying the potential heavy metals with the 
greatest potential risk. Galvanic series arranges metals according to their 
electro-potentials. Metals that are more· vulnerable to corrosion (more 
electronegative metals) e.g. Zn, AI, Mg and Mn are placed at the active end of 
the series. The less corrosive metals, e.g. Au, Cu, Pt and Ag are placed at the 
passive end of the series, Table 2.9. Accordingly, the most likely heavy metals 
that could affect ductile Iron pipe in a galvanic corrosion are those above it in 
the galvanic series. Moreover, these metals must be among the most frequent 
soil and water contaminants. The heavy metals that qualify these criteria are: 
1. Chromium (Cr) 
2. Copper (Cu) 
3. Lead (Pb) 
30 
Chapter Two: Literature Review 
4. Nickel (Ni) 
Despite Cadmium (Cd) and Zinc (Zn) being frequent soil and water 
contaminants, they are unlikely to affect ductile iron pipe in the galvanic 
corrosion. This is because of their relative positions below ductile iron in the 
galvanic series, Table 2.9. 
2.2.2.1 Galvanic Series 
Table 2.9 represents the galvanic series. 
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Elements/Alloys 
Platinum 
Gold 
Graphite 
Titanium 
Silver 
Hastelloy C 
18-8 austenitic stainless steel (passive) 
Iron-chromium alloys (passive) 
Inconel (passive) 
Nickel 
Monel 
Cupronickel alloys 
Bronzes 
Copper 
Brasses 
I nconel (active) 
Nickel (active) 
Tin 
Lead 
18-8 austenitic stainless steels (active) 
13% Chromium stainless steel (active) 
Cast Iron (Ductile Iron) 
Mild steel and iron 
Cadmium 
Aluminium alloys 
Zinc 
Magnesium and magnesium alloys 
Table 2.9 Galvanic series 
2.2.3 Sources of heavy metals 
Chemical Symbols 
Pt 
Au 
C 
Ti 
Ag 
Ni-Cr-Mo-Fe-W 
Fe-C-Cr-Ni 
Fe-Cr 
Ni-Cr-Fe 
Ni 
Ni-Cu-Fe 
Cu-Ni 
Cu-Zn-Sn 
Cu 
Cu-Zn 
Ni-Cr-Fe 
Ni 
Sn 
Pb 
Fe-C-Cr-Ni 
Fe-C-Cr-Ni 
Fe-C-Si 
Fe-C-Mn-P-Si-S 
Cd 
AI 
Zn 
Mg 
Discharge of heavy metals arise from a number of different sources. These 
sources include natural atmospheric depositions and other different sources 
such as transport, waste processing and infrastructure. In accordance with 
8easley et al. 2001, Lukar et al. 1997, Coduto 1999, metal sources could be 
grouped as: 
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• Leakages and spills from industrial and agricultural activities 
• Mining and mineral extractions 
• Operations and passages of motor vehicles; including the action of 
corrosion and abrasion of vehicles and highway surfaces 
• Maintenance operations carried out on roads e.g., de-icing and road 
marking 
• Buildings in urban residential and industrial areas 
Heavy metals constitute a significant fraction of the environmental risk from 
pollutants because they are in such common use as structural materials in the 
Built Environment. The concentration at which heavy metals exist in soil 
depends on their phase and mobility factors. These factors include biological 
transport, redox and adsorption/desorption reactions, physical transport 
processes and the nature of the receptive soils (Banat et al. 2005 & Dang et 
al. 2002). 
2.2.3.1 Summary of the information on heavy metals in the 
environment 
The following papers have been selected as examples of the different types of 
studies on heavy metals in the environment. 
Sprenke et al. (2000) determined the vertical extent of heavy metals loading in 
lake sediments. The site of their study had a past mining history in the US. 
Test samples were collected at depth intervals up to a maximum depth of 18 
m. Maximum concentrations of lead, cadmium, zinc, arsenic and mercury 
were reported as 38,000, 120, 34,000, 340 and 7 mg/Kg respectively in the 
top 0.5 m samples. The level of contamination in all cases decreased to 
background level at approximate depths of 2.0 m. This indicated the source 
was surface or atmospheric concentration. The reported quantities of heavy 
metals exceeded the allowable limits of environmental quality in the United 
States. 
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In another study, Rosner (1998) determined the impact of abandoned mines 
on surface and groundwater. The area of this study was also a mining district 
in the us. The climate of the area was reported as semi-arid with average 
ann"ual rainfall of 150-260 mm/year. Surface and groundwater samples were 
collected from different sites. The samples were analysed for 12 heavy metals 
including arsenic, cadmium, lead, and copper. The surface water in the mining 
area was found to be contaminated by combinations and concentrations of 
heavy metals. High levels of Arsenic, Cadmium and Iron were found in most 
surface water samples. The concentrations of Lead, Copper and Zinc were 
found to differ from region to region depending on the ore mined. The 
groundwater was seriously polluted by Arsenic, Cadmium, Lead, Zinc, Iron 
and Manganese in the immediate vicinity of mines, while no Copper found in 
the ground water: This indicates immobilisation of Copper in the soil. 
Juracek et al. (2003) assessed the quality of bottom sediments in the US in 
which they investigated the occurrence of 44 metals and traced elements, and 
15 organochlorine compounds. The area was a reservoir with an agricultural 
basin. The basis of this study was the available sediment-quality guidelines. 
Changes in environmental quality were related to the historical anthropogenic 
influences in that area. 
Metals/trace Threshold-effects level Probable-effects 
metals (TEL) (pg/g) (PEL) level (pg/g) 
Cr 52.3 160 
Cu 18.7 108 
Ni 15.9 42.8 
Pb 30.2 112 
.. Table 2.10 Allowable limIts for heavy metals In sedlments In the US 
From their results, metal concentrations (in pg/g) were: 81, 34, 38 and 25 for 
chromium (Cr), copper (Cu), nickel (Ni) and lead (Pb) respectively. Table 2.7 
shows the allowable limits of the four heavy metals in the U.S. for sediments, 
Environmental Guidelines (1997). The probable-effects level is the 
concentration above which toxic effects frequently occur. While in between 
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the two limits there could be an occasional occurrence of toxic effects. Finally, 
the study concluded that the concentrations of these four heavy metals 
exceeded the allowable limits given in table 2.10. In these guidelines, 
threshold-effects level was referred to as the concentration below which toxic 
biological effects rarely occur. 
In their contribution, Carrasco et al. (2003) reported average metal 
concentrations in seawater (/lg/f) and coastal sediments in a high industrial 
area in Spain. From their results, metal concentrations were 3.5 to 118 /lg/I 
lead (Pb) and <3 chromium (Cr) /lg/I respectively. The threshold values for the 
two metals were both 10 (/lg/f). 
The analysed metal contents and the USEPA proposed values are given in 
Table 2.11. 
Metals Concentration. Range Not Polluted Polluted 
(mg/Kg) (mg/Kg) (mgIKg) 
Pb <0.9 to 44 <40 >60 
Cr 129 to 278 <25 >75 
Table 2.11 Analysed and threshold metal contents proposed by USEPA and Mode, Canada 
In conclusion, the concentrations of Pb in the seawater indicated an industrial 
pollution. Likewise, the concentration of Cr in the sediments indicated 
significant industrial influence. 
Abrahim and Parker (2002) reported significant enrichment of heavy metals in 
the sediments of a water body surrounded by an urbanised and industrialised 
catchments in New Zealand. Table 2.12 shows the concentrations of copper 
and lead in the sediments. 
Metals Concentration 
(I-Ig/g) 
Cu 1.0-60.0 
Pb 9.0-200.0 
Table 2.12 Metal concentrations In Auckland, New Zealand 
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The test samples were taken from a depth range of 10em to 100em. 
Expectedly, higher concentrations were reported at the upper strata and 
decreased at depths below 40-50cm. The lower concentrations served as 
background levels. Though, their study did not indicate the New Zealand's 
sediment-quality guidelines; it showed the existence of background heavy 
metal concentrations at the lower soil depths. 
Razo et al. (2004) summarised the concentrations of arsenic and some heavy 
metals in water and sediments in a mining area in Mexico. Table 2.13 shows 
copper and lead concentrations in soil and sediments. 
Heavy metals Soil Cones (mg/Kg) Dry Stream Sediment 
(mg/Kg) 
Copper, Cu 15-7200 50-2160 
Lead, Pb 31-3450 71-2190 
Table 2.13 5011 and sediment metal concentrations In MeXICO 
In the absence of the Mexican sediment-quality guidelines, these results were 
compared with the Canadian Interim Sediment-Quality Guidelines which were 
35.7 and 35 (mg/Kg) for Cu and Pb respectively, which were thought to 
potentially represent the background concentrations. In all cases, the 
concentrations of the two heavy metals exceeded the allowable limits 
provided by the Canadian guidelines, demonstrating a change and potential 
threat to the environment and infrastructure. Though, the samples were from 
topsoils, their higher concentrations could suggest penetration to significant 
depth in the soil. 
Martley et al. (2004) reported the concentrations of arsenic and other heavy 
metals in Port Kembla, 80 miles south of Sydney, New South Wales, 
Australia. There was a Copper smelter, steel works and other associated 
industries surrounding the investigation site. Table 2.14 shows the 
background and observed mean values for Cr, Cu, and Pb. 
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Observed values Observed Background Background 
Metals o to 5 cm values 5 to 20 values 0 to 5 cm values 5 to 20 cm 
(mgIKg) cm (mgIKg) (mgIKg) (mgIKg) 
Cr 3.9 to 30 3.7 to 29 12 13 
Cu 12 to 599 9 to 1597 49 38 
Pb 12to117 10 to 295 20 18 
.. Table 2.14 Observed quantities of heavy metals In Australia 
The main objective of this study was to investigate the regional distribution 
and mobility of heavy metals in Australian soils. Though, there was no 
reference to environmental guidelines, the authors' conclusion was that the 
surrounding soil was highly contaminated by various historical anthropogenic 
activities in the area. The conclusion was based on comparisons with the 
background concentrations taken outside the area. The maximum sampling 
depth was 20 cm, but in fact the level of contamination in many places 
increased at lower depths. This was reported as resulting from soil erosion 
processes in the area. Any particulates deposited on the soil surface are likely 
to be washed down the slope by water runoff or wind action, enriching the 
flood plain with metals. The industries were reported to have contaminated 
the surrounding soils to a distance of 1 to 13 km depending on individual 
metals but most likely to less than 4 km. 
Due to the strong allegations that automobiles and buildings are the major 
contributors of heavy metals in non-industrial areas, Davis et al. (2001) 
carried out a study in Maryland, U.S with the aim of quantifying pollutant 
loadings from the two sources. The study was based on the existing literature, 
experimental and sampling investigations. 
Synthetic rainwater was prepared as containing 23 ~M NaCI, 18 ~M HN03 
and 18 ~M H2S04• This was based on the chemical makeup of rain in the 
study area. The water pH was set at a range of 4.2 to 4.4. The synthetic 
rainwater was then sprayed on automobile and building parts and samples 
were collected and analysed. Actual rain was collected from building roofs. 
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The experiments were conducted with various samples. This study reported 
average metal concentrations from building sidings, roofs, automobile brakes 
and used oil extracts. Table 2.15 shows the levels of lead and copper from 
these various samples. 
Heavy Building , Roof (Jig/I) Auto-Brakes Auto-Oil Annual loadings 
Metals sides (Jig/I) (Jig/I) (Kg/ha-yr) 
(Jig/m2) 
Pb 270 1.5 to 64 11 1100 0.069 
Cu 51 7.5 to 5000 280 2100 0.038 
, 
Table 2.15 Heavy metal concentrations and loadmgs m Maryland, U.S.A 
The experiments showed significant concentrations of Cu and Pb were 
washed out of the soil. The sampling used in this study represented washed 
and extracted quantities. Changes in the rainfall factors brought about 
changes in these results e.g. first flush. As such a higher level of 
contamination could be possible. 
A study by Ozaki et al. (2004) evaluated the sources of heavy metals pollution 
from the Japanese roadsides. The test samples were prepared from 
automobile tyres, gasoline, road marks (paints), brakes, and asphalt 
pavements. Their results indicated average concentrations of Cr, Ni, Cu and 
Pb as 14.6 to 1610, 8.55 to 44.9, 15.3 to 875 and 17.6 to 131.9 (lJg/g) 
respectively. This study concluded that the origin of Lead might be from red 
and yellow road markings. Mercury was found from the combustion of 
premium gasoline. Diesel produced Arsenic, Nickel and Zinc. On the other 
hand, Zinc and Cadmium were reported as originating from abrasion of tire 
rubber. While traces of Nickel and Vanadium were found in asphalt pavement 
samples. 
Wang et al. (2003) studied heavy metals in soil and plants at some selected 
polluted sites in China. The sites consist of mining, smelting and other heavy 
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industries. The concentrations of the heavy metals in the soils are reported in 
Table 2.16. I 
It was shown that the metal concentrations in many of the samples exceeded 
the background levels and Chinese national standards. It was stated that the 
extractable concentrations in plants were a clear indication of soil 
contamination when compared to plants from outside the metal processing 
area. The concentrations of such values could move deeper in the soils. 
Heavy metals Concentrations Background levels Extractable 
Range in soil (mg/Kg) Concentration Range 
(mg/Kg) (mg/Kg) 
Cr 17.38-101.69 61 0.007-0.081 
Cu 16.93-72.12 22.6 0.006-1.81 
Pb 29.64-214.78 26 0.005-18.213 
Ni 9.56-52.97 26.9 0.005-0.009 
.. Table 2.16 Chma National Environmental Protection Administration (1990) 
Banat et al. (2005) reported on the average concentrations of Zn, Hg, Pb, Cr 
and Cd, in clay fractions of Jordanian soils. Lead and chromium 
concentrations were found to be 62.17 and 83.93 (mg/Kg) respectively 
compared to the background levels. On comparing these results with metals' 
background levels, it was concluded that anthropogenic activities had 
contaminated the soils. The depths of samples were not stated but in one 
case the enrichment factor was 16. 
Purohit et al. (2001) investigated the distribution of heavy metals such as Cr, 
Cu, Ni, Pb and Zn in the Indian Himalayas. Samples were collected from 
depths ranging from 55 to 95 cm. Table 2.17 shows the concentrations of the 
metals. It was concluded that geological factors had played a major role in 
enriching heavy metals in the soil. However, anthropogenic input were also 
implicated. 
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Heavy metals Concentration range Median 
(mg/Kg) concentration (mgl 
Kg) 
Chromium < 4.0 to 413 118.0 
Nickel 7.0 to 123 51.0 
Copper 8.0 to 107 52.0 
Lead 5.0 to 165 23.0 
Table 2.17 Heavy metal concentrations In Hlmalaya, India 
Krishna et al. (2004) reported the concentrations of Pb, Cr, Cu, Zn, Sr and V 
near small streams surrounding an industrial area in Rajasthan, India. In this 
study, the majority of the test samples were from the upper surface soils (5-
15cm). Table 2.18 shows the concentration ranges. 
Heavy Metals Concentration Range in Soil Average Concentration 
(mglKg) (mglKg) 
Pb 10 to 293 57.05 
Cr 40 to 240 154.8 
Cu 10 to 298 93.7 
Table 2.18 Heavy concentrations In RaJasthan, India 
In conclusion, it was argued that although the surrounding rocks were mostly 
granite with a mean background Chromium concentration of 50 mg/Kg; the 
source of 240 mg/Kg was anthropogenic. Likewise, it was stressed that 300 
mg/Kg of Cu was unlikely to be a derivative of acidic rocks. 
Permaki et al. (2000) reported lead concentrations at different sites in 
Nunavut, Canada. The concentrations ranged from 26 to 1000 (mg/Kg), and 
the background values were 29-34 (mg/Kg). This study concluded that the 
level of lead was elevated. However, most of the sites were within the set 
environmental objectives, with only few indicating a human health risk. 
Weng et al. (2000) investigated contamination levels of the Grant Canal and 
an adjacent hydro-geological system in China. The heavy metals studied were 
Cu, Pb, Zn, Cr, Mn, Cd, Hg and As. Water samples were taking from a depth 
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of 50 cm beneath the water surface. Whereas, sediment samples were from a 
depth range of 0 to 4.0 m. Concentrations of Cu, Pb and Cr were reported as 
0.008, 0.0063 and 0.005 (mg/l) in water and 143.77, 48.52 and 88.12 (mg/l) in 
mud respectively. It was concluded that although the concentrations 
decreased at a depth of 0.5 m in the sediment, the vertical distribution of 
these metals in the riverbed was extremely high at the surface. The soil and 
the groundwater in the area were reported as contaminated by heavy metals 
and the polluted environment was considered as a leading factor in lowering 
the concentration of the bacteriolytic enzyme in the saliva of school children in 
the area. 
Speir et al. (2003) reported the concentrations of six heavy metals in sewage, 
monitored by New Plymouth District Council, New Zealand. This was done 
over a period of sludge application. The area has a temperate climate. The 
concentrations of Cr, Cu, Ni and Pb are shown in table 2.19. 
Heavy 06/01/1992 04/12/1992 17106/1993 
metals 
Cr 230 320 180 
Cu 480 570 400 
Ni 270 190 200 
Pb 120 130 64 
Table 2.19 Heavy metal contents (mg/Kg dry solids) In New Plymouth, New Zealand 
This report showed how sewage sludge applications to land resulted in a 
decrease in the soil pH to less than 4 and how a subsequent liming 
programme raised the pH back to between 5 and 6. They correlated soil pH to 
the solubility of heavy metals. There was higher metal concentration in 
solution at low pH values. According to their report, there was a strong 
correlation between plant metal uptake (extractable metal quantities) and soil 
solution concentration of metal species. 
Ruiz et al. (1998) obtained a geochemical background information of Tinto-
Odiel Estuary in SW Spain. The objective of their study was to analyse 
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changes taking place in the sedimentological and geochemical features of the 
estuary. This study involved taking samples from a 50 m deep bore hole. 
Unpolluted samples that were separated by cluster analysis were used as 
background levels. A rapid rise in heavy metal pollution was witnessed in the 
upper 2.5 m of the natural filling. This rise was attributed to historic mining 
activities in the area. Heavy metal concentrations were reported as exceeding 
the background levels by a multiple of 10. The metals studied were chromium 
(Cr), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), silver (Ag) and lead (Pb). 
They concluded that industrialisation contributes more to the contamination 
than mining activities in that area. This was based on higher metal contents 
found in the upper natural layers (3.0 to 3.3 m). 
Moller et al. (2005) reported heavy metal concentrations from an agricultural 
and horticultural area in .Damascus, Syria. In this area, effluents from both 
treated and untreated sewages are used for irrigation. The reported 
concentrations for Cr, Cu, Ni and Pb are shown in Table 2.20. 
It was concluded that the level of contamination of the Damascus soil was 
less; as such, human risk was protected. However, this conclusion was based 
on the European soil conditions. The climatic conditions of Syria are not 
exactly the same as that of Europe. The Syrian soil was reported to contain 
up to 45.6% clay. Soil resistivity and other soil parameters might also differ 
between the two locations. Hence, a more comprehensive study with a full 
knowledge of the background levels will be required in order to predict an 
exact level of contamination of the Syrian soils. 
Heavy Concentration Range Mean±SD Median 
metals (mg/Kg) , 
Cr 12 to 116 57±24 51 
Cu 16 to 97 34± 16 30 
Ni 24 to 58 39±9 35 
Pb <5 to 108 17± 18 10 
Table 2.20 Heavy metal concentration from agro-hortlcultural areas of Damascus 
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Denaix et al. (2001) reported anthropogenic effects on soil and groundwater in 
Northern France. The concentration of lead (Pb) in mglKg, at different soil 
depths (cm) is given in Table 2.21 and the range and average values of lead 
concentration in soil-water samples are given in table 2.22. 
Depth 9 to 36 to 50 to 70 to 85 to 120to 
o to 6 6 to 9 (cm) 36 50 70 85 120 165 
Conc. 
2340 4480 383 21.7 18.2 17.1 12.4 10.2 (pgll) 
Table 2.21 Lead concentration levels In Northern France 
Depth (cm) 34 46 65 
Total Conc. (pgll) 17 to 68 (41) 7 to 30 (14) Ot014(5) 
Dissolved conc. 14 to 39 (26) o to 15 (6) Ot012(4) 
(pgll) 
Table 2.22 Average and range of lead concentrations In sOil-water In Northern France 
These results indicated heavy metal movement to a depth of 1.65 m beneath 
the ground surface. This study also indicated an evidence of both the 
dissolved and solute metallic cations at lower soil depths. For example, 41 
pgllof lead was found at a depth of 34 cm. Out of the total concentration, 26 
pgll (63%) was in the dissolved phase whilst 15 pgll (37%) was in the solute 
phase. 
Chebbo et al. (2004) assessed the pollution caused by urban wet weather 
flows in central Paris. The contributions of runoff, wastewater and sewer 
sediments to the total pollution were estimated. Roof runoff constituted about 
63% of the total runoff volume in the area. Consequently, about 85% of the 
concentrations of Cd, Pb and Zn and 64% of Cu in the runoff came from the 
roofs. In addition, the results showed a clear anthropogenic influence over 
environmental pollution. It is clear that the roofing materials used in urban 
areas contribute greatly to environmental pollution. 
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Vidal et al. (2000) measured the effects of urban drainage on the quality of 
spring waters that feed drinking water fountains in Lugo, NW Spain. From this 
study, Copper (Cu) was found to have a concentration range of 0.50 to 13 
pgll, with an average value of 1.2 pgll. The values were within the maximum 
tolerable EU copper level of 2000 pgll. 
2.2.4 Concentrations of heavy metals 
2.2.4.1 Drinking Water Standards 
Drinking water quality is controlled by legislations and standards. The 
enforcement of these standards rest upon the authorities responsible for 
supplying potable drinking water to the general public (WHO, 2004). The 
application of these standards varies to some extent from country to country. 
The majority of the developing and under-developed nations use the World 
Health Organisation (WHO) standards as their guidelines. 
Table 2.23 summaries the allowable drinking water values for the four heavy 
metals in this study. The guidelines were derived from the United Kingdom, 
European Union, United States of America and World Health Organisation 
(WHO). 
Metals United Kingdom European United States World Health 
(pgl1) Union (pgl1) (pgl1) Organisation, 2004 
(pgl1) 
Cu 2000 2000 1000 1000 
Cr 50 50 100 50 
Ni 20 20 20 20 
Pb 25 25 15 10 
Table 2.23 International Drmkmg Water Standards 
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2.2.4.2 Environmental guidelines for soils and sediments 
Guidelines for soils and sediments also exist. Tables 2.10 and 2.24 are 
examples of the US Environmental Guidelines, 1997 and the UK, 1998 for the 
four heavy metals in this study. 
Potential toxic Concentration in sludge Concentration in soil 
metals (mq/kq) (mq/kq) 
Copper 625 26 
Chromium 124 84 
Nickel 59 34 
Lead 418 29 
Table 2.24 Medium metal concentrations from report No: DETR 4415/3 (Carrmgton et 
al., 1998) 
2.2.5 Movement of heavy metals in soil 
The availability of heavy metals at deeper soil depths depends on a number of 
factors. These factors may include: (1) the initial concentrations of the metals 
from their primary sources, (2) the mode of their transport, and (3) the 
characteristics of the receptive soils. 
Literature shows the extent of heavy metals' movement. A number of 
researchers reported these metals at various soil depths. For instance, 
Sprenke et al. (2000) reported heavy metals at a depth of 2.0 m from ground 
level. Abrahim & Parker (2002) studied heavy metals at 1.0 m. Purohit et al. 
(2001) reported them at a depth of 0.95 m. Weng et al. (2000) studied metals 
at depths up to 4.0 m. Denaix et al. (2001) reported metals at 1.65 m below 
the ground surface. Furthermore, Ruiz et al. (2001) reported the existence of 
heavy metals at deeper depths, with high pollution at 3.3 m below the ground 
surface. In general, metals have been reported at soil depths ranging from 0.9 
to 4.0 m. This could be suitable as case study of pipeline burial depth. 
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2.2.6 Burial depth of pipelines in soil 
Water distribution pipelines are buried at various ground depths. These 
depths depend on the pipes' location, as well as their sizes. Generally, pipes 
are buried at depths proportional to their external diameters with a cover of 
0.3 to 10.5 m (BS EN 545:2006). However, the influence of location might 
alter this range. For submarine pipelines, stability and economic factors 
dictate their burial depths. The less the burial depth, the cheaper would be the 
installation and repair costs (Kumar et al. 2003). 
2.2.7 Summary of the sources and concentrations of heavy 
metals 
In all but a few cases of the reported literature, heavy metals exist at elevated 
concentrations above the various environmental quality guidelines. These 
concentrations generate a higher degree of public concem. This is because of 
the environmental risk associated with heavy metals' exposure at elevated 
levels. Table 2.25 summarises the concentrations and route sources of heavy 
metals in soil/water. 
Heavy Metals Conc. Range in soil Conc. Range in water Route Sources 
(mg/Kg) (pg/I) 
Industrial and Automobile 
Copper, Cu 1.00 to 7200.0 7.5 to 5000.0 emissions, Buildings, Mining, 
Agriculture and Smelter Activities. 
Chromium, Cr 3.70 to 1610.0 o to <3 Road paints, Anticorrosive 
Lead,Pb 10.00 to 38000.0 1.5to 1100 
Gasoline Additives, Road marking 
and Automobile emissions 
Smelter Activity, Auto-Engines, 
Nickel, Ni 8.55 to 270.0 0 Metal plating, Corrosion of Welds, 
Alloys and Food production. 
Table 2.25 Summary of the route sources and concentrations of heavy metals 
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2.2.8 Environmental effects of heavy metals 
Heavy metals are good conductors, malleable and ductile. They precipitate 
under high pH conditions (Sharma, 2004, pg. 219). Their elevated 
concentrations are toxic in both short and long terms exposure. Because of 
their toxicity, they can have adverse effects to humans, plants and animals. 
"They can damage living things at low concentrations and tend to accumulate 
in the food chain", (USEPA, 2001). 
Heavy metals play an important role in the maintenance of environmental 
quality but their deficiency or excess is undesirable to humans, plants and 
animals, Chandrajith et al. (2005). This means that metals' exposure at high 
concentration could develop a variety of human health problems and 
retardation of plants and animals. Moreover, they are termed pollutants 
because of their adverse effects on the environment (soil, water, air and 
sediment). "Indeed the toxic effects of metals in the food supply can be 
serious and even reach disastrous levels" (Wang et al. 2003). 
Owing to the fact that the protection of environmental quality is a key issue to 
our safe existence, various responsible agencies set quality objectives to 
control pollution by heavy metals and other contaminants. These standards 
are limits beyond which humans, plants and animals might be at risk of 
pollutant exposure. The adverse effects of heavy metals depend on their 
species types, as well as the nature and behaviour of the receptors. 
Accordingly, all the four heavy metals in this study (Cu, Cr, Ni and Pb) are on 
the priority list of pollutants, (USEPA, 2001 and WHO, 2004). 
2.2.8.1 Environmental pollution and human health 
It is evident that groundwater is the main source of drinking water for the 
majority of world population. Groundwater is pre-treated before human 
consumption. This is the normal practice in developed and many developing 
nations. However, that is not always the case in many under-developed 
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countries; Plants may absorb an accumulated quantity of heavy metals in soil. 
Gradually, humans consume these metals through the food chain or direct 
use of the ground/surface water. Consequently, human exposure to high 
levels of these metals generates negative impact on their health. The effects 
of the four heavy metals (Cu, Cr, Ni & Pb) to human health are reviewed in 
this section. 
2.2.8.1.1 Copper (Cu) 
Copper is a natural element required by all plants and animals in their 
systems. "Copper is both an essential nutrient and a drinking-water 
contaminant" (WHO, 2004). It is required at trace level by plants for their 
survival but its elevated level is undesirable (Cardwell et al. 2002). Copper 
deficiency and excess both cause adverse human health problems such as 
the effects on blood vessels, kidney, liver, skin and anaemia. 
2.2.8.1.2 Chromium (Cr) 
Chromium is a tasteless and odourless natural element that occurs at 
traceable level in rocks, soils, and plants. Its high concentration is undesirable 
to human health. This depends on its valence of existence (WHO, 2004). 
2.2.8.1.3 Nickel (Ni) 
Nickel is a hard, malleable and ductile natural element that is involved in 
animal and plant systems at traceable level (8easley et al. 2001). This natural 
metal is used in alloys, magnetic and electrical contacts. Nickel can exist as a 
soluble or insoluble species (metallic, oxidic and sulphidic) depending on the 
chemical and physical nature of its host medium, i.e., water/soil. It is a highly 
toxic element at elevated level as it causes different health problems. Human 
inhalation of nickel causes carcinogenic health problems (WHO, 2004). 
2.2.8.1.4 Lead (Pb) 
Lead is a naturally occurring element that is used in the production of many 
materials. A high concentration of this element is toxic to many organisms 
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(USEPA 2001). It is a toxic metal that is not required by plants (Cardwell et al. 
2002). Its exposure at high level causes adverse effects in the nervous 
system, kidney, and blood-fonning organs. It also lowers human intelligence 
(USEPA 2001 and Serrano et al. 2005). Lead's effect is more pronounced in 
children than adults (USEPA 2001, WHO, 2004 & Pennaki et al. 2000). 
2.2.8.2 Potential effects of heavy metals on ductile Iron pipe 
Although, it is evident that heavy metals exist at burial depths of water mains, 
their exact effect on the mains is not clear in the literature. Nevertheless, in a 
corrosion sense, metals that are more electropositive than ductile iron pipe 
can form galvanic cells with the pipe when they come into contact in soil 
solution. In addition, this contact could either be physical or passive. This is 
an evidence of a galvanic corrosion without physical contact. Francis (2001, 
pg. 22) states that "Localised corrosion of metal may give rise to soluble 
corrosion products, which deposit by a displacement reaction onto a less 
noble metal exposed in the same solution, and form local, intense galvanic 
cells. This is particularly evident with a more electropositive metal such as 
copper. " Similarly, more electropositive metals such as Cu, Cr, Ni & Pb in 
their dissolved and/or solute phases in soil could act as corrosion products 
and affect ductile iron pipe in a similar way. 
Galvanic cells between ductile iron pipe and heavy metal contaminants 
depend on the environment they are exposed to for a corrosion current to 
flow. The flow of this current also depends on how efficie~t a pipe coating is. 
Many researchers (e.g. Rajani et al. 2003 & Doyle et al. 2003) are of the view 
that coatings do not normally provide a total corrosion protection but a 
maximum reduction of its effects by limiting the flow of corrosion current. 
Rajani et al. (2003) reported a fear that loose polyethylene wraps between 
ductile iron water mains and their surrounding soils can create moist-air gaps, 
which could form shields that might reduce the effectiveness of a cathodic 
protection. 
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(Rajani et al. ·2003 & Doyle et al. 2003) argued that soil resistivity, to some 
extent, controls the magnitude and direction of a galvanic current flow in soil. 
This is most likely in unsaturated soils with a sufficient amount of oxygen, e.g. 
sand. Whereas, in saturated soils like clay, the available entrapped oxygen is 
the main factor because of its role in cathodic reaction, Hack (1988). 
Accordingly, the present study aims to determine whether or not there are 
other contributing factors in soil that affect pipe corrosion. 
2.3 Reactions, speciation and transport of metals in soil 
2.3.1 Introduction 
This section of the review focuses on the reactions between heavy metals and 
the soil. It also examines existing models of the solubility and mobility of the 
metals. The central theme of this study was to study the interactions between 
metals in soil and buried ductile Iron pipe. This study involved a number of 
stages: (1) establishing data on concentrations of heavy metals at pipe 
surface; (2) studying the processes of heavy metals reaction/dissolution and 
transport in soil; and (3) establishing the probable reaction between heavy 
metals and ductile Iron pipe. 
The literature includes data on concentrations of different heavy metals in soil. 
However, this study has focused on Chromium (Cr), Copper (Cu), Lead (Pb) 
and Nickel (Ni). This is because of their extensive industrial use and electrical 
potential to affect ductile iron pipe corrosion-wise. The literature reports on the 
existence and concentrations of heavy metals at various soil depths suitable 
as case study of pipeline burials (e.g. Sprenke et aI., 2000 & Weng et aI., 
2000). Their movement in soil however, occurs via a number of complex 
interactions: chemical and biological (Sharma et al. 2004). 
Heavy metals react and dissolve in soil (Sparks, 2003 & Denaix et al. 2001). 
These are chemical reactions. The reactions produce final chemical 
product(s) e.g. CdS04, Pb(C03)2, NiS04 and CuCI2. This will affect the 
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solubility of species in water. This is an electrochemical reaction resulting in a 
final liberation of cations into electrolytes, Marcus (2002). In general, reaction 
and dissolution involve reversible phase transition from solid to liquid. 
The literature covers an extensive study on the corrosion of buried water 
pipelines. However, the present study reviews the structural deteriorations of 
ductile iron pipeline with a primary aim of establishing a correlation between 
pipe deterioration and the existence of heavy metals in environmental soil. 
The general process of metal reaction/dissolution is of much significance in 
understanding the reactions of the individual heavy metals (Cr, Cu, Pb & Ni). 
Accordingly, the general metal reaction/dissolution was reviewed prior to the 
review of the individual heavy metals. 
2.3.2 Chemical reactions in soil 
The fate and transport of heavy metals in soil depend mainly on the chemical 
reactions taking place in the soil, as well as the transport processes involved. 
The main interactions are acid-base, dissolution-precipitation, complex 
formations, and oxidation-reduction reactions. Others are adsorption-
desorption and volatilisation (Selim et al. 1997, pg. 01 & Sharma et al. 2004, 
pg. 96). 
Ion A'ssoc;atroh I I I I 
Multivalent Ion Hydtolysls 
4 Gas-Water • 
Ion Exchange 4 • 
SoIfJIion 
4 Mineta1 Solution • 11l118l8I C/ysfBJisation 
I I I I 'I I 
I-lsec second minute hour day month year million years 
Table 2.26 Sequence of reactions in soil (from Selim, 1997) 
Because of the complexity of chemical processes in soil, some reactions 
intersect each other in the soil-solution (Sparks, 2003). Basically, reactions 
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occur through ion association, ion hydrolysis, ion exchange, sorption and 
crystallisation. "Simple ion exchange and solubilisation interactions take place 
relatively quickly but true chemical reactions such as the formation of metallic 
salts and crystals will be dependant on soil salts and may take several months 
to develop. They will never reach equilibrium in a reasonable time". Table 
2.26 illustrates the sequence of these reactions within their respective time 
domains. 
2.3.2.1 Adsorption/Desorption 
Adsorption is the accumulation of chemical species at the interface between 
the surfaces of soil-solid and soil-solution phases (Sparks, 2003). This 
process involves the attachment of dissolved species from the soil solution 
onto the solid surfaces. The reversed process of releasing these species from 
the solid surfaces back to the soil-solution is referred to as desorption 
(Sharma et al. 2004). In other words, adsorption can be defined as a transfer 
of ions from the soil solution to the solid surfaces, McBride (1994). Some 
factors affect the sorption process. These are (1) the characteristics of the 
contaminants e.g. solubility; (2) characteristics of the soil, e.g. mineralogy, 
permeability, porosity and surface properties; and (3) characteristics of the 
soil-solution, e.g. pH value, salt and organic contents. 
Soils possess good adsorbents (clays and organic substances) that effectively 
remove adsorptives (ions/molecules) from solution, McBride (1994). 
Accordingly, soil is regarded as a good final destiny for the adsorbates (Le. 
heavy metals), Cal-Prieto et al. (2000). The process of adsorption involves 
physical forces such as the Van-Der Waals forces, and chemical forces such 
as the inner sphere complexation forces (Sparks, 2003). 
2.3.2.2 Acid-base reaction 
Acid-base is the type of reaction involving a gain or loss of proton (H+) or 
hydroxyl (OH} Generally, acid donates proton and base accepts the. proton. 
This type of reaction results in changes in the soil pH. The pH is the most 
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important parameter that measures sudden changes in soil. Literature reports 
(Buykx et al. 2002, McBride, 1994 & Martinez et al. 2000) that a low pH value 
of 5 or less indicates soluble level of heavy metals. A value of 7 or higher 
indicates low solubility of heavy metal species. 
When a compound is dissolved in water, its ions dissociate. Subsequently, an 
ion transfer takes place. The strength of an acid or base is determined by the 
extent of proton exchange (gain or loss), McBride (1994). 
2.3.2.3 Oxidation-reduction (Redox) 
This type of reaction involves a transfer of electrons from the reducing agent 
to the oxidising agent. Soil pH influences redox reaction in the presence of 
hydrogen ions (H+) in the reaction (Sharma, 2004 & McBride, 1994). 
Redox reaction consists of two half-reactions of the reductant and oxidant. In 
acidic conditions (with high H+ concentration), the left side of the general 
equation is favoured in the formation of products. However, this support 
changes to the right side of the equation when the soil condition is alkaline 
(with a low H+ concentration). 
Example: 4C?+ = 4C?+ + 4e-................................ (first half reaction) (1) 
02 + 4W + 4e' = 2H20 .................... (second half reaction) (2) 
4C?+ + O2 + 4W = 4C?+ + H20 ....... (general equation) (3) 
In the preceding example, chromium (Cr) donates electrons to an oxygen (02) 
molecule. Therefore, Cr is the reductant and oxygen is the .oxidant. The 
tendency of a soil to promote a redox reaction is measured by its redox 
potential. In saturated soils, oxygen deficiency results in a redox reaction and 
the oxygen takes control of pH changes in the soil. Whereas, in unsaturated 
soils, oxygen exists as a gas or dissolved form in solution. The available 
oxygen forms various inorganic compounds with heavy metals. The oxygen 
also forms organic compounds with carbon and hydrogen. 
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2.3.2.4 Dissolution and precipitation 
Dissolution is the melting of a chemical species in soil solution. Whereas, 
precipitation is the process of depositing species from the soil solution onto 
the soil solids, Sparks (2003). Dissolution occurs under. a condition of under-
saturation. At a time when the soil solution is super-saturated· with chemical 
species, solid crystals begin to form (precipitation). When a soil contains high 
concentration of heavy metals, the solubility of the metal is reduced and 
precipitation is favoured. The precipitation of heavy metals (e.g. Pb+2) is 
limited by C03 or S04 depending on the soil's redox potential. 
2.3.2.5 Complex formation 
Sharma et al. (2004) described complexation as a combination of ions or 
molecules in the dissolved phase. This could be due to a biological process. It 
includes both inorganic and organic species, McBride (1994) & Sharma et al. 
(2004). It is known that heavy metals exist in soil in organically complexed 
forms or metal salts. Organic matter affects heavy metals retention and 
movement in soil/water, Sparks (2003). This is because of the metals' high 
affinity for organic substances. Copper, Nickel and Lead are among the heavy 
metals with highest affinity for organic matter, McBride (1994). A metal 
bonding on organic matter occurs in the form of ionic exchange between H+ 
and the metals in an acidic condition. Selim et al. (1997) reported good 
models that relate the sorption of heavy metals with clay minerals, organic 
matter and metal oxides. The reaction of heavy metals with organic matter 
occurs in different ways, Sparks (2003). These include reaction with dissolved 
organic carbon (DOC), reaction with suspended organic matter (SOM) and 
reaction with bottom sediments. 
2.3.2.6 Summary on reactions/dissolution of heavy metals in soil 
This section contains a summary of the literature on reaction/dissolution of 
heavy metals in soil. 
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Buykx et al. (2002) conducted research in Netherlands to study metal and 
sulphides dissolution kinetics at different acid concentrations. Samples were 
collected from two fresh river waters that have different carbonate and acid 
volatile sulphide (AVS) contents. The aim of their study was to study the 
speciation of heavy metals under natural conditions. The experimental 
conditions represented long-term environmental effects of heavy metals. It is 
generally believed that reliable toxicity information comes from metals 
concentration and the dissolved fraction. The sediment samples used 
contained high metal concentration (in mol/g dry weight) of 1.47 for Cu, 0.80 
for Ni, 12.8 for Zn, 0.71 for Pb and 0.09 for Cd. Simultaneously Extracted 
Metal (SEM) values were 15.83 and 14.83mol/g dry wt for the two samples, 
respectively. The amount of acid volatile sulphide was higher than the total 
heavy metals concentration. This means that heavy metals could be 
completely bound to the available sulphides, without regards to the carbonate 
and organic contents in the soil. On the other hand, the water samples 
contained high carbonates and pH values. 
Finally, it was noticed that changes in the soil pH depend on the method of 
acid addition (drop by drop or add at once), and also on the amount of acid 
added. It was noted that a pH-change to values below 5 results in changing 
the speciation of heavy metals. The extracted amount of heavy metals 
decreases with an increase in the soil pH. Besides that, the results from the 
two methods of acid addition were similar. This means that heavy metals 
dissolve more in low pH values. The order in which these metals are released 
with decreasing pH values is Ni > Zn > Cd > Pb > Cu for sulphide forming 
metals. Likewise, the dissolution of these metals takes an opposite order. 
Though heavy metal extraction increases with an increase in extraction time, 
pH was more influential in their dissolution. 
Martinez et al. (2000) measured the solubility of copper (Cu), lead (Pb) and 
zinc (Zn) in calcareous soil, at initial and decreased pH values. The metal-soil 
reaction time was chosen to be 40 days, to allow slow reactions close to real 
situations. It involved long-term addition of heavy metals to represent true 
environmental situations. Soil samples were collected from Puerto Rico and 
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New Jersey, USA. The results indicated that heavy metals dissolve in higher 
pH in calcareous soil (18.8 g/kg inorganic carbon, initial pH 8.2). In this soil, 
significant fractions of Cu, Pb and Zn reacted with carbonates, and a 
decrease in pH value results in a much higher dissolution. The recorded pH 
values at which solubility increased were 5.2± 0.2 for Pb, 6.2± 0.2 for Zn and 
5.5± 0.2 for Cu. This indicated a strong soil reaction with Pb and Cu rather 
than with Zn. The pH value was linked to soil's attraction to heavy metals. A 
decrease in pH value increases dissolution of the metals, and such enhances 
their attraction. 
Agbenin and Oloja (2004) conducted a study to determine the effects of pH 
and specific soil fractions (organic matter and hydrous oxides) on the 
selective adsorption of copper (Cu) and zinc (Zn) by a Bt horizon (a layer 
containing alluvial lattice clays) of a Savanna soil in Nigeria. The Bt-horizon is 
the soil below the surface horizon (normally 29 cm thick), and above the C-
horizon (normally from 1.75 to >2 m). Metal solutions of Cu and Zn were used 
in this study. The results indicated a strong soil affinity for Cu rather than for 
Zn. In this study, soil fractions were controlled at stages. The removal of 
different soil fractions caused a decrease in the soil metal content. Copper 
was reported to have reduced more than Zn. The pH values for the maximum 
absorption of the two metals were reported as 5.5 for Cu and 6.8 for Zn. 
The pH values for Savanna soils are normally lower than 6.0. Ground water 
table is located at 0 to 50 m below the ground surface. In some parts it 
extends to a near 100 m, (Kebbi State, 2005). However, in interpreting these 
results, Zn with a lesser attraction to soil could leach down to contaminate 
groundwater. In tropica.1 savanna areas like Nigeria, pipes are buried far 
above the water table. Consequently, the metals retained by the soil (such as 
copper in this case) could be accumulated on the pipe surface and perhaps 
result undesired effects. It was earlier reported that soil has affinity for heavy 
metals. This affinity varies depending on the availability of the metal species 
as well as surface properties of the soil. The tendency of a single species to 
be absorbed by soil might differ when it is in a mixture of other species. 
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Serrano et al. (2005) investigated the effect of a simultaneous presence of 
lead (Pb) and cadmium (Cd) on sorption behaviour of acidic A horizons of 
temperate soils in Spain. This study discriminated between models that use 
solutions of a single metal species and those using solutions of two heavy 
metal species. They argued that a solution of a single metal species could 
adequately predict sorption of strongly bonded ions. Whereas, sorption of 
weakly bonded ions could be affected by competing ions in the same solution. 
A higher pH and clay content were reported to have greater influences on 
metal sorption capacity of soils. However, this could be attributed to the 
possession of large cation exchange capacity by clayey minerals. They 
concluded that sorption behaviour of Pb and Cd in moderate acid soils is 
significantly affected by the simultaneous presence of the two metals. 
It is certain that surface properties of a soil are the major controllers of heavy 
metal sorption onto the soil-solids. On the other hand, Harter and Naid (2001) 
focused on other factors that could also affect metal sorption. These factors, 
according to the report were environmental influence and soil-solution 
parameters. The environmental influence includes experimental pressure, 
laboratory temperature and methods of sampling and storage. The soil-
solution parameters were referred to as the composition of the soil and 
aqueous solution. It was mentioned that soil/solution ratio controls mineral 
surface properties, as well as the formation of metals in reactive forms at soil-
solid surfaces. To elaborate on the environmental effects, they explained how 
sorption increases with an increase in both temperature and pressure. In 
addition, an increase in temperature or a decrease in pressure results in 
desorption, and subsequent resorption. There are three factors influencing 
sorption reaction; the number of available sites (solid surface) to accept 
sorbate, quantity of sorbate in solution, and probability of contact between 
sorption site and sorbate. 
The main argument was on the manner in which the research was conducted. 
They stated that most research is carried out under ambient conditions, and it 
is common to compare research results conducted in different laboratories 
with differing conditions. They concluded with an appeal to find out a way of 
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standardising environmental conditions, for the sake of a better research 
comparison. 
Cao et al. (2004) studied the solid-liquid interface reactions of lead (Pb), 
copper (Cu) and zinc (Zn) in phosphate rock. Single metal solutions and 
mixtures of the three heavy metals were used in this study. This was to allow 
the prediction of the effect of selective sorption of heavy metals by phosphate 
rock soil. Sorption capacities of phosphate rock for Pb, Cu and Zn from single 
solutions were reported as 138, 114 and 83.2 mmol/kg respectively. Similarly, 
the results from a mixed solution of the three heavy metals were 117.3, 58.9 
and 20.3 mmol/kg for Pb, Cu and Zn respectively. This report was of interest 
to the present review. First and foremost was the indication of the ability of 
soils to retain significant quantities of heavy metals in solutions. It was also 
indicated that a multiple metal solution does not prevent sorption of the 
individual metals. Though the percentages of metal retention were reduced in 
ternary solution, the total amount of the three metals was higher than the 
individual quantities. However, the degree of reduction was a clear indication 
of the extent a metal solution could reach. The depths of soil samples were 
not stated but could be predicted from the sorption capacity of the soil. 
Cao e al. (2004) concluded that soil's affinity for heavy metals was in the 
order of Pb > Cu > Zn. Immobilisation of Pb was attributed to the formation of 
insoluble fluoropyromorphite [Pb1o(P04)6F2], and partially to surface 
absorption and complexation. 
Gomes et al. (2001) conducted a study on Brazilian soils with the main aim of 
evaluating relative retention and mobility of several heavy metals in soil. The 
metals tested were Chromium (Cr), Copper (Cu), Lead (Pb), Nickel (Ni), 
Cadmium (Cd) and Zinc (Zn) among others. They studied the selectivity 
sequence of these heavy metals by use of distribution coefficients. In this 
study different soil properties were correlated to metal adsorption. The most 
common sequence was Cr > Pb > Cu > Cd > Zn >Ni. Then, Pb > Cr > Cu > 
Cd > Ni > Zn. It was demonstrated that Cr, Pb and Cu have greater affinity to 
Brazilian soils. Cd, Ni and Zn indicated least affinity to the soils in all cases. 
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The Brazilian soils used in this study were slightly acidic with pH values 
ranging from 4.9 to 6.7. However, it could be understood that retention of 
heavy metals in this study was based on the quantities recovered by 
sequential extractions. The properties that control heavy metal sorption were 
the pH, cation exchange capacity (CEC), clay and organic carbon contents, 
as the case may be. 
Another study was conducted by Hooda and Alloway (1998) to compare 
sorption abilities of cadmium (Cd) and lead (Pb) for English and Indian soils. 
Correlation was made between some soil properties and the ability of 
individual soils to absorb the two metals. Some of the tests conducted were 
the determinations of soil pH, organic content, calcium carbonate equivalent 
and cation exchange capacity. Initially, a preliminary study was conducted to 
establish the general pattern of metal removal from soil solution. The rate of 
sorption of both Cd and Pb was also studied. The initial results were used as 
a basis for the study. Tables 2.27 and 2.28 show some properties of the 
English and Indian soils. 
pH range Organic CEC HMnO CaC03 FeO 
Matter range (cmoJkg) (mg/Kg) Equivalent Range (%) 
(%) Range Range range (%) 
English 4.7 to 7.55 1.41 to 38.2 4.8 to 126.0 77 to 581.9 0.75 to 26.0 0.02 to 3.07 
Soils 
Indian 
Soils 
6.3 to 8.42 0.17 to 1.65 5.6 to 19.5 34.6 to 157.8 0.25 to 8.75 0.3 to 2.18 
Table 2.27 Properties of English and Indian SOils 
Legend: CEC is Cation exchange capacity, HMnO is Hydrous Manganese 
Oxide, CaC03 is Calcium Carbonate and FeO is Free Iron Oxide. 
Soils Clay range(%) Silt range (%) Sand range (%) 
English Soils 0.5 to 60.5 2.7 to 20.7 6.6 to 92.2 
Indian Soils 6.9 to 40.2 0.7 to 67.2 18.7 to 92.0 
Table 2.28 SOil fractions of the English and Indian SOils 
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A mass balance equation was used to determine the quantity of sorbed 
metals. The equation is as follows: 
S=(C; -C.)xV/W ....................................................................... (4) 
Where: 
S = amount of heavy metal sorbed per unit mass of soil (mg kg·\ 
Ci = metal concentration in the initial solution (mg dm·3 ), 
C. = metal concentration in the equilibrium solution (mg dm·3), 
V = volume of solution added (dm·3) and 
W= air-dried mass of soil (kg) 
The Freundlich model (1929) was then used to check for linearity. 
logS = logKf + I/n log Ce ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• (5) 
Kt and l/n are the intercept of the Freundlich isotherm, Ktmeasures the ability 
of a soil to retain a solute from solution. l/n Indicates a soil affinity for solute 
particles. 
It was however concluded that English soils retained greater amounts of the 
two heavy metals than Indian soils. This study successively correlated heavy 
metal adsorption to soil pH, organic matter, clay content, CaC03 content and 
CEC. However sand content was negatively correlated. 
2.3.3 Transport of heavy metals in soil 
The study of heavy metals transport in soil is essential in order to assess their 
concentrations below the ground surface. It was earlier reported that heavy 
metals exist at toxic levels in environmental soils (e.g. Razo et al. 2004, 
Purohit et al. 2001 & Weng et al. 2000). Their elevated concentrations 
originate from atmospheric depositions and anthropogenic activities above the 
ground surface. Thus, the knowledge of their transport rate in soil is important 
to this study. 
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Furthermore, the idea of water transport in soil is the basis of understanding 
heavy metals transport in the soil. This is because water is the main carrier of 
solutes in soil. The rate of transport of water in soil depends on the magnitude 
of forces and gradients such as the gravitational, hydraulic, thermal and ionic 
(Yong et al. 1992). Water transport in soil also depends on factors controlling 
the transmission coefficient of both saturated and partially saturated soils. 
Similarly, the transport of heavy metals in soil occurs in the same way, under 
the following influences: (1) hydraulic gradient as expressed by Darcy's law, 
(2) concentration gradient by the application of Fick's first law, and (3) 
hydrodynamic characteristics (Sharma et al. 2004). Both the dissolved and 
solute fractions of heavy metals are involved in the transport processes 
(Denaix et al. 2001). 
In general, it is difficult to predict the movement of heavy metals in soil. This 
difficulty arises from the heterogenic nature of environmental soils, as well as 
the factors influencing solute reactions and dissolution. The movement of 
solutes in unsaturated soil has been described as one of the complex and 
critical processes in hydrology (Dou et al. 1999). However, the application of 
the well-established theoretical models provides a closer correlation between 
theory and practice. 
2.3.3.1 General equation for solute transport in soil 
The total amount of solute, X I (J1glcm3) for a dissolved and absorbed metal 
species in soil is expressed as follows: 
X; = ec; + pSi .................................................................................. (6) 
Where S is the amount of solute retained by the soil (J1g/g), C is the solute 
concentration in solution (J1g/cm\ e is the volumetric soil water content 
(cm%m3) and p is the soil bulk density (glcm3). 
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2.3.3.2 Continuity equation 
The above equation was further extended to become the mass balance 
equation or continuity equation, which is the analytical representation of 
solutes' movement in soil, under time and boundary conditions. 
The expression of the equation was based on the assumption of a volumetric 
element of sizes L\ x ,L\y and L\ z . Assuming Jx is the flux, i.e. the rate of 
movement of a solute species, i in x-direction. 
The mass of solute entering the x-face per unit area and time is given by: 
Solute inflow rate = Jx L\yL\z ............................................................................................... (7) 
Similarly, the mass of solute leaving the opposite x-face is given by: 
Solute outflow rate = Jx+& x t;yt;z ....................................................... (8) 
The change in movement rate due to !:J. x is 
Jx+& x =Jx + al x !;x ..............................•...................................... ...... (9) 8x 
Net mass of solute = inflow - outflow 
al 8J . (Jx L\yL\z ) - (Jx +_x !;x) !:J.y!:J.z = --' L\x L\yL\z ............................... (1 0) 8x 8x . 
In the x-direction 
Similarly, ................................................................. (11) 
in the y-direction 
and - al, !;xL\yL\z ................................................................. (12) 
8z 
in the z-direction 
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Net mass transport = _[OJx + My + M, ]LlxD.Y~ .................................. (13) 
ox ay OZ 
The net mass transport is the total quantity of solute retained or lost in the soil 
matrix. 
For non-reactive solutes, the amount of solute retained is zero (Si = 0). This 
means that the solutes exist only in the solution, with concentration C. The 
volumetric soil water content, e is the ratio of the volume of water to soil bulk 
volume. 
The total volume of water in the soil element is expressed as e AxD.y~ 
Therefore, the total amount of solute, Xi = Ci e LlxD.y~ ................... , .... (14) 
2.3.3.3 Principle of mass conservation 
Based on this principle, the rate of solute accumulation is given by: 
Rate of gain or loss = (inflow - outflow) = (OBC)LlxD.YD.z ......................... (15) 
. & . 
By equating equations (13) and (15), we have: 
( OBC) [OJ oJ
y M] 
- LlxD.Y~ = - _x +-+-' LlxD.Y~ 
ot ox ay oz 
Therefore, (o~) = _[; + O~ + a:: ] = _ div J ................................. (16) 
Equation (16) is solute continuity equation for non-reactive solutes. 
However, the general equation for reactive solutes (e.g. heavy metals) is 
given by: 
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oX; = oee + pS = _ div J ............................................................... (17) 
ot ot 
The rate of production or removal of solutes from the soil is introduced as Q 
(positive Q represents removal from soil solution, while negative Q represents 
production). The general equation then becomes: 
oee
o
; pS = _[ o~ + o~ + a;; ]- Q ................................................... (18) 
Ideally, the transport of solutes is restricted to one-dimensional flow in the 
vertical direction (z-axis). 
2.3.4 Transport mechanisms in soil 
Literature reports that heavy metals react and dissolve in soil (Spark, 2003 & 
Denaix et al. 2001). This reaction and/or dissolution occur through chemical 
mass transfer processes. The fate and transport of metals depend on the 
chemical mass transfer processes in conjunction with solute transport 
mechanisms (Sharma et al. 2004). The migration of contaminants from the 
ground surface to subsoil involves one or more of the following processes: (1) 
advective, dispersive, and diffusive mass transport, (2) chemical reactions 
within the soil solution, (3) interactions between the soil solution and the soil 
solids, and (4) biodegradation, Wu et al. (1998). Hence, the three main 
mechanisms for solute transport in soil are as follows (Sharma et al. 2004 &. 
Selim et al. 1997): 
1. Convection 
2. Diffusion 
3. Dispersion 
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2.3.4.1 Advection (Convection) 
Advection is a passive process involving the movement of the dissolved 
heavy metals along with flowing water in a soil matrix (Selim et al. 1997). 
Metal contaminants are "going along for the ride" Coduto, 1999. This process 
depends on the type and degree of saturation of the soil, as well as the nature 
of the dissolved metal species. When in water, a convection process depends 
on density, ionic forces and water temperature. In the absence of a diffusive 
process, the solutes in the soil solution move at the same rate with the soil 
water. The flow rate is given by: 
Uc ';' qzC ....................................................................................... (19) 
Where qz is the Darcy's flux in (cm/s) in the z-direction and C is the solute 
concentration in solution (pglcm3). 
2.3.4.2 Diffusion 
Diffusion is a molecular distributive transport mechanism (Selim et al. 1997). It 
is an active process occurring as a result of a random thermal motion of 
molecules in solution, regardless of whether or not water flows in the soil. The 
basis of diffusion is the concentration gradient between different points within 
the soil matrix (Coduto, 1999). The Fick's law of diffusion, which relates the 
flow rate to concentration gradient, described this mechanism. 
BC The flow rate, Ud = -BDm "& .............................................................. (20) 
Where e is the volumetric soil water content (cm3Icm3), Om is the coefficient of 
molecular diffusion for the solute in soil solution (apparent diffusion coefficient 
in cm2lh) and C is the solute concentration in solution ((pglcm3). Om is related 
to the coefficient of molecular diffusion of a solute species in pure water (Do) 
by the equation, 
Do = Om T ................................................................................... (21) 
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Where T is a tortuosity factor dependent on e (with values of 0.3-0.7 for most 
soils) 
2.3.4.3 Dispersion 
Dispersion is the process of mixing and spreading of a solute in a soil 
medium. Yong et al. (1992) described this mechanism as "the mixing and 
spreading of the contaminants resulting from molecular diffusion and pore 
water velocity variations in the local regions within the soil system" It includes 
all non-diffusive spreading mechanisms of the solute (Selim et al. 1997). 
Dispersion is a passive transport process, depending on the variation in the 
fluid flow velocity as the result of differences in pore diameters, and velocity 
fluctuations from maximum to zero along the flow path. Longitudinal 
dispersion is expressed by the following equation: 
BC U m = -BDL - ............................................................................... (22) Bz 
Where DL is the longitudinal dispersion coefficient. 
DL = Do + Av and is approximated to Av, for (Do «Dd ................... ........... (23) 
Where Do is the molecular diffusion coefficient in pure water, A is a 
characteristic property of soil known as dispersivity (cm) and v is the pore 
water velocity (cm/h). 
2.3.4.4 Convective-dispersive equation (CDE) 
In general, equation (19) of solute flux in the z-direction resulted from the 
three transport mechanisms expressed by the equations 14, 15 and 17. 
BC Jz = -BDL -+qzC ........................................................................ (24) Bz 
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OL is the hydrodynamic dispersion coefficient (OL =Om+O,) and is a reliant upon 
the flow velocity, degree of saturation, porosity and particle size distribution. It 
increases with an increase in water content. 
Equation (19) and the mass conservation equation (13) yielded the general 
equation for solute one-dimensional transport in unsaturated soils, under 
transient conditions. 
o~ +P~~ = !(eD~~)- o~~c -Q ................................................... (25) 
Another equation of equal importance to equation (20) is the Richards 
equation (1931), for one-dimensional water flow in unsaturated soils under 
transient conditions, Corless (1996). 
oq = ~(K(h) Oh) _ oK(h) A(z,t) ..................................................... (26) 
ot8z OZ OZ . 
Where K(h) is the soil hydraulic conductivity (cm/h), h is the soil-water 
pressure head (cm) and A(z, t) is a root uptake term for water extraction 
(cm3lcm3h). The root uptake term is a function of distance and time. A(z, t) is 
a replacement of Q in the solute equation (25). Equation (26) is used to 
determine e and qz for use in the general solute equation (25), 
where qz = Ki ( i is the hydraulic gradient) 
Both equations 25 and 26 are needed in order to analyse the movement of 
solutes in unsaturated soils. 
As mentioned earlier, equations (25) and (26) are valid for water flow in 
unsaturated soils under transient conditions. In a practical situation, there are 
cases of full soil saturation. In a situation of a steady state flow, water flow 
velocity (Oarcy's flux, q) is constant provided A=O. When A=O, the water flow 
rate e is only constant for flow into the soil. Under evaporation conditions flow 
can be towards the surface and steady state flow does not result in a constant 
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soil water content with depth. A constant water content profile is very rare in 
unsaturated soils. The general equation then changes as follows: 
ae pas a2e ae Q 
-+--=D-2 -v--- ........................................................ (27) at () at az 8z () 
Where v is the pore water velocity (qz/Q) 
The amount of solute retained by the soil is equated linearly to the solute's 
concentration in solution as follows: 
S=Kde ....................................................................................... (28) 
Where Kd is a distribution coefficient (cm3Ig). This is valid for solutes of low 
affinity to soil and at low concentrations. The irreversible term Q is ignored 
due to the fact that the solute is free from degradation, decay and production, 
i.e. as = O. With this modification, the steady state flow equation (27) 
at 
becomes: 
R:~ =D ~:~ -v~~ ...................................................................... (29) 
Where R is a retardation factor: 
P R=l+g K d •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• (30) 
The distribution coefficient, K becomes zero whenever there is no solute 
retention, and as such R takes a value of 1. 
2.3.5 Soil properties and solute transport 
Literature reports the rate of water/solute movement in soil as a dependent on 
the gravitational, hydraulic, thermal and ionic forces and gradients, Yong et al. 
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(1992). Yet, soil properties such as the particle size, permeability, and 
attenuation, adsorption and retention capacities play an important role in 
solute transport processes. Therefore, a knowledge of such properties is 
essential in assessing geo-environmental problems, Sharma et al. (2004). 
Soil is basically a mixture of inorganic solids, water, air and micro-organisms. 
All these are contained in the main phases of a soil mass; namely solid, liquid 
and gaseous phases (Yong, 2001). These phases interact with each other. 
Hence, soil's behaviour and many of its properties depend solely on these 
interactions. The prime interaction is between the soil solid and liquid phases 
as far as soil contamination is concerned. Perhaps, the liquid phase may 
contain some chemicals and dissolved gases in combination with the 
predominant water, Sharma et al. (2004): The chemicals in the water phase 
are normally dissolved heavy metals. Engineering soils are classified by a 
number of physical, chemical and biological properties. However, the most 
significant properties that influence the fate and transport of heavy metals are 
the particle size and voidage, Sharma et al. (2004). These properties are 
directly related to the storage capacity of the soils. Moreover, these properties 
influence absorption and retention of water and contaminants within a soil 
mass, Selim (1997). 
2.3.5.1 Particle and pore sizes 
Soil formation is as the result of rock weathering into primary and secondary 
minerals. In general, the classification of a soil-solid phase into different 
mineral forms is based on their particle sizes. Particle size and voidage are 
the most important properties of soil in environmental studies, Sharma et al. 
(2004). A particle size distribution is the analytical representation of different 
particle sizes within a soil mass. The ranges of particle size are: Boulders 
(>200mm), cobbles (60-200mm), Gravel (2-60mm), Sand (0.06-2mm), Silt 
(0.002-0.06 mm) and Clay «0.002mm), BS EN ISO 14688-2:2004. Different 
methods are employed in classifying soil particle sizes. For instance, the 
distribution of coarse-grained soil is determined by a sieving method. And, 
sedimentation process is used to determine the fine-grained soil fractions. 
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The distribution of particle sizes influences the shape and slope of a capillary 
zone. Hence, the amount of water or heavy metals absorption is a function of 
particle and pore size properties, Lu et al. (2004). Sandy soils with relatively 
larger particle sizes possess significantly small specific surface area and 
surface charge properties. But, clays with the smallest particle sizes possess 
large surface area, which influences soil-contaminants interactions (Yong, et 
aI., 1992). 
"The surfaces of clay particles possess negative charges because of 
isomorphous substitution of aluminium or silicon, and also due to the 
dissociation of hydroxyl ions", Craig (1992). These negative charges attract 
cations in the soil solution to form weakly bonds between the clay surfaces 
and solution cations. The dissolved heavy metals' ions in the soil solution 
break the weakly formed bonds, and cation exchange takes place. 
Porosity and void ratio of a soil are directly related to the particle sizes. The 
smaller the particle sizes, the more connected their pores will be and 
therefore, the more porous a soil material is. Void ratio is expressed as: 
e = Vv .......................................................................................... (31) 
Vs 
The porosity is expressed as: 
n = Vv .................................................................................. (32) and 
V 
The two are related by the equation, n = _e_ ....................... (33) 
l+e 
Where Vv is the volume of the voids, Vs is the volume of the soil solids and V 
is the total volume of the soil. The porosity of most clay soils ranges from 40% 
to 70%, Sharma et al. (2004). 
The study of Kronvang et aI., 2003 assessed the presence of pesticides and 
heavy metals on stream bed sediments in Denmark. They emphasised the 
influence of grain size on the accumulation and retention of heavy metal 
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contaminants. It was found that the concentration of heavy metals was higher 
in suspended sediments (fine particles) than in the streambed sediments 
(larger particles). 
In a similar study, Ankers et al. (2003) expressed the same notion about the 
influence of suspended sediments on contaminants' transport. This was a 
clear manifestation of the fact that suspended sediments (with finer grains) 
control the transport of heavy metals in soil than the settled streambed 
sediments do. Finer particles are characterised by their large surface area 
that is capable of attracting heavy metals from the solid-aqueous interface. 
2.3.5.2 Permeability 
Permeability or hydraulic conductivity is a measure of soil water-draining 
capacity under gravity. The coefficient of hydraulic conductivity depends on 
many properties such as the soil porosity and viscosity of the flowing 
substances "Sharma et al. (2004)". A good passage of water depends greatly 
on the sizes of the soil voids. In general, coarse materials such as sand are 
highly permeable with high transmission rates. However, clays are relatively 
impermeable because of their good pore 'connectivity. Granular soils with 
higher void sizes like sand transmit water better than compacted soils like 
clays (which have flat configurations, smaller grain and pore sizes). In 
addition, water drainage through a soil depends greatly on the packing of the 
soil materials as a function of particle sizes and the excess pressure acting on 
the soil. The gaps between the particles (voids) depend on the particles'· 
arrangement. The coefficient of conductivity allows the transmission of fluid 
through a soil, and is expressed by Darcy's flow law. 
Q =KiA ...................................................................................... (34) 
Where Q is the flow rate, i is the hydraulic gradient, K is the hydraulic 
conductivity coefficient, and A is the cross sectional area of the soil mass. 
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2.3.6 Models of solute transport in soil 
Heavy metals pollute both saturated and unsaturated soils. However, their 
effect on unsaturated soils is significant. This is because of the metals' high 
ability to move in unsaturated soils. The movement of chemical solutes (Le. 
heavy metals) in unsaturated soil has been described as critical and complex 
"Oou et al. 1999". In the wake of this, it is extremely difficult to estimate the 
time required for solute movement in soil. The required transport time 
depends on many properties of the soil itself, as well as the characteristic 
nature of the metal species. However, this movement can best be described 
in two ways; by mechanistic and functional models "Oou et al. (1999)". 
Mechanistic equations solve the conventional water flow and solute flux 
aspects, whereas, the time factor requires computational-based methods 
such as the finite element method. Below is a summary of the literature on 
solute transport in soil. 
Wu et al. (1998) carried out numerical simulations with a multi-component 
reactive solute transport model to study the migration of cadmium (Cd+2), lead 
(Pb+2), copper (Cu+2) and zinc (Zn+2) in a sand/bentonite mixture. The model 
was capable of simulating simultaneous processes of water flow, advective-
dispersive solute transport, and chemical reactions. In this study, the 
sand/bentonite column was assigned realistic physical and chemical 
properties and boundary conditions as input parameters to enable modelling 
of a one-dimensional contaminant transport though a landfill barrier. The soil 
mixture consisted of 90% fine to medium sand (Silica 40) and 10% Na-
bentonite. Bentonite was used to simulate constant clay. This was because of 
its tendency to maintain a constant cation exchange capacity (CEC) over a 
range of pH values. Four test samples were collected from an existing landfill 
and modified to give better simulations. 
Several complex equations were used in these simulations. They consisted of 
the equations for water flow, solute transport, mass balance, complexation 
reaction, ion exchange, charge balance and precipitation/dissolution. Because 
of the complexity of these equations, a finite element method was used to 
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solve the coupled and non-linear equations. In conclusion, it was found that 
under a nearly neutral leachate (pH = 6.79), the movement of Cd+2 and Pb+2 
was greatly retarded, mostly because of the precipitation of CdC03 and 
PbC03. The sorption of Cd+2 and Pb+2 onto the exchange sites also 
contributed to this retardation but to a lesser extent. Hence, it was found that 
the movement of Cu+2 and Zn+2 was only retarded as a result of cation 
exchange. Their movement was in the following order: Cu+2 > Zn+2 > Pb+2 > 
Cd+2 • 
Consequently, under a more acidic condition (pH = 3.91), precipitation of 
CdC03 and PbC03 did not occur. The only retarding factor was the cation 
exchange. As such, the movement of Cd+2 and Pb+2 was greatly enhanced. 
However, the new movement order was Cd+2 > Zn+2 > Cu+2 >Pb+2 . It could be 
seeing how a change in the pH value affected the migration of Cd+2 and Pb+2 . 
Conversely, the migration of Cu+2 and Zn+2 was least affected by the alteration 
in the pH value. 
In order to predict the movement of contaminants in soil it is necessary to 
determine the key mass transport parameters. Kim et al. (1997) conducted 
column experiments to (1) estimate the effective porosity using a tracer test, 
(2) compare the effective porosity with the total porosity determined from the 
phase relationships and weighVvolume measurements, and (3) evaluate the 
effect of the seepage velocity on the hydrodynamic dispersion coefficient. In 
conclusion, the effective porosity determined by tracer tests fell within a range 
of 89-104% of the total porosity determined by weighVvolume phase 
relationship. The seepage velocity estimated from the total porosity was close 
to the one estimated from the effective porosity. 
An increase in seepage velocity significantly affected the mass transport 
parameters. It is therefore, recommended to conduct tracer tests for accurate 
estimation of the seepage velocity. 
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2.4 Concluding remarks 
There has been a lot of research on the deterioration of iron pipes; ductile Iron 
pipes in particular. Many of these studies have reported corrosion as the main. 
factor causing external pipe deterioration. It was reported that ductile iron and 
old grey cast iron pipes constitute the majority of water distribution networks in 
the world (Atkinson et al. 2002, Doyles et al. 2003 & Rajani et al. 2003). 
These two pipes types are similar in their high carbon contents. However, 
they differ in microstructures (the formation of graphite in their main matrices). 
The old grey cast iron consists of flake-shaped graphites. Whereas, ductile 
iron pipe consists of spheroids or nodular shaped, which increases its 
strength. It is therefore, difficult to differentiate their corrosion characteristics. 
However, the main failure mode of ductile iron pipe is reported as pitting 
corrosion that is mainly caused by the formation of galvanic cells. Ductile Iron 
Pipe was reported as the predominant pipe in water distribution systems 
(Atkinson et al. 2002, Doyles et al. 2003 & Rajani et al. 2003). 
The literature also reports that heavy metals exist at elevated levels in water, 
soil and sediments. Soil environment has been classified as the usual 
residence of heavy metals and pipelines. On the other hand, corrosion has 
been reported as the most devastating cause of ductile iron pipe 
deteriorations (Doyles et al. 2003). It was understood from the literature that 
heavy metals exist at the levels of distribution pipelines. This has posed a 
possibility of such metals to overlap with pipe surfaces. Accordingly, the 
present study considers a possible formation of galvanic corrosion cells 
between these metals and ductile iron pipes. 
It was reported in the literature that the transport of heavy metals in soil 
depends upon their chemical forms in the soil, as well as the properties of the 
soil itself. Soil properties such as the pH, iron, manganese and carbonate 
contents, and cation exchange capacity (CEC) affect the distribution of many 
heavy metals in soil. The changes in Cu distribution within different soil 
fractions are examples of such effects. This may result from the variations in 
the absorbing surfaces of the different fractions or the soil pH buffering 
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capacity. A number of researchers reported that the movement of copper and 
its likes in soil is associated with the movement of the soil's organic content 
(Gomes et al. 2001 & Hooda et al. 1998). This is because copper is highly 
absorbed onto the organic materials. 
The transport of most heavy metals in soil depends on the physico-chemical 
properties of the solid and liquid phases (Selim et al. 1997). Many chemical 
changes occur during the movement of water/contaminants in soil. These 
changes include: dissolution/precipitation, adsorption/desorption (Sharma et 
al. 2004). The fate and transport of heavy metals therefore, depend on solute, 
colloidal and dissolved phases, as well as the interactions among them (e.g. 
Denaix et al. 2001). 
Heavy metals exist in different forms or compounds in soillsediments (e.g. 
Alien et al. 1995). These forms are referred to as speciation. Chemical 
speciation determines the movement and bioavailability of the heavy metals. 
In general, the chemical form of a metal species controls its behaviour and the 
ease of its movement in soil. Accordingly, heavy metals are classified into 
groups based on their primary accumulation mechanisms in soillsediments: 
(1) bound to carbonate; (2) bound to reducible phase (metal oxides); (3) 
bound to organic substances and sulphites; and (4) adsorptive and 
exchangeable. It is recommended that the form and content of heavy metals 
be determined before assessing their environmental impact. In general, there 
exist significant amounts of heavy metals (e.g. Cu, Zn and Ni) in both residual 
and non-residual soil fractions. 
The transport of heavy metals is enhanced by the formation of inorganic 
complexes. As an example, chlorine from road de-icing can form complexes 
with many cations such as Pb (11), Cu (11) and Zn (11). Many studies reported 
the transport of heavy metals as a function of species type. For example, zinc 
and cadmium are classified as relatively mobile. On the other hand, copper 
and chromium are classified as relatively immobile. 
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The transport of heavy metals in carbonate-containing soil solutions is related 
to the dissolution/precipitation processes. These processes depend on the 
soil's pH-value, bicarbonate and carbonate contents. It was found that Cd, 
Cu, Zn and Cr form complexes with sulphites. Under acid sediment/water 
conditions, adsorption/desorption was suggested as the main process 
controlling metals' transport in soil. It was observed that the soil pH has two 
effects: (1) in exchanging of hydrogen ions with heavy metals bind by hydrous 
oxides and (2) in the dissolution/precipitation and oxidation of Fe and Mn 
oxides. Heavy metals' transport has been grouped into two: (1) movement by 
metals' affinity for dissolved organic carbon, and (2) movement through 
metals' solubility in dilute acid and mineral soils. The transport of Pb and Cu 
was related to the behaviour of the dissolved organic carbon and organic 
aluminium. These two metals were found to move through soils in attachment 
to organic substances. This was attributed to the metals' affinity for organic 
matter. It was also found that Pb and Cu had higher affinity for acids than 
other metals like C Darcy's flux in cmls)d and Zn. 
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Chapter Three: Methodology 
3. 1· Introduction 
This chapter will set out the methodology that was used in this research. The 
initial stage of the study started after reading about a major predicament that 
the water industry is facing; that is ensuring a constant supply of water to 
consumers (OFWAT, 2005). The main aim of the water industry is hindered 
by leakages and breakage of a vast number of metallic pipes which constitute 
water networks across the globe. These problems result into significant water 
and financial losses. The cost of repairs and replacements of these pipes 
numbers in billions of Pounds. The water services regulatory body for England 
and Wales (OFWAT) further reported that water companies are investing £5.5 
billion over the period 2005-10 to improve drinking water and protect the 
environments in England and Wales. This investment costs England and 
Wales over £3 million every day. A similar concern has also been reported 
across the globe, e.g. Najjaran et al. (2006). A recent rise in public concern on 
the consequences of excess heavy metals in our environments provoked this 
study to determine whether or not heavy metal contamination contributes to 
corrosion of buried water pipelines, e.g. Sprenke (2000), Purohit (2001), 
Denaix (2001) & Ruiz et al. (2001). The initial methodology of this research 
therefore involved reviewing the literature on water pipe deteriorations, soil 
contamination by heavy metals and the possible link between the two issues. 
Literature reviewed in this study (as presented in chapter two) demonstrated 
that although Iron is a recyclable sustainable material and commonly used for 
water distribution pipelines, it also has a high failure rate (Doyle et al. 2003 & 
Levlin 2004). The literature also revealed a high level of heavy metal 
contamination in the soil and water environments (Razo et al. 2004, Purohit et 
al. 2001 & Weng et al. 2000). This further strengthens the need for such an 
investigation. Due to the intense nature of experimenting metallic corrosion in 
soil with due considerations of the time constraints inherent to a PhD 
programme, there was no sufficient time to carry out numerical modelling in 
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this research. Numerical modelling has therefore been recommended for 
further work. The entire stages of planning, design, construction and 
execution of all the experiments conducted in this research were the efforts of 
this author with reference to literature as mentioned in the respective 
chapters. 
3.2 Methodology 
This research involved two stages; (1) the development of experimental 
apparatus and (2) conducting the experimental investigations. This chapter 
explains the development of experimental apparatus. It also explains details 
of the relevant experimental variables, as well as the necessary precautions 
needed to safeguard the final results. The second stage (chapter five) 
presents the results of two major assessments in two separate parts. Part 1 
explains the results of external corrosion assessment of ductile Iron pipe 
sections as a result of heavy metal contamination in soil. Whilst, part 2 
explains the results of internal corrosion assessment of the same pipe . 
sections due to raised level of metals in drinking water. 
Two major experiments were designed to assess the external and internal 
corrosion of the test pipe sections. In total, each of the four external corrosion 
experiments in part 1 was subjected to a hydraulic loading of 2.0 m3, 
representing three years rainfall as detailed in section 3.3.10. The 
assessment period was limited to three years because of logistic constraints. 
In these experiments, metal concentrations and water quality determinants 
namely; total organic carbon (TOG), turbidity, redox potential, conductivity, 
temperature, pH, sulphate content and total dissolved solid (TDS) were 
measured. The data from some of these measurements could be potential 
adjuncts to cationic-induced corrosion while other data are essential in 
interpreting metallic corrosion. 
3.3 Development of experimental apparatus 
The development of experimental apparatus for this research involved making 
of decisions on the selection of experimental apparatus and chemicals that 
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would inevitably influence the obtained results and their relevance to 
corrosion. These included the selection of the following: 
• suitable pipe sections for experimentation 
• sand and gravel in conformity with international standards 
• an appropriate design of under-drainage system (crucial for sampling) 
• water flow and spraying of water on the topsoil 
• an appropriate sampling method 
• metal salts with good aqueous solubility 
• suitable analytical methods 
3.3.1 Selection of pipe sections 
Selection of pipe sections was vital to this research because of its central role 
in the research hypothesis. Several features of a pipe were considered in 
selecting the most appropriate sections for these experiments. The selection 
process was aimed at choosing a good physical model to correctly represent 
field conditions. In chapter two, the literature review established that ductile 
iron is the predominant pipe material used in water distribution networks 
(Atkinson et al. 2002, Doyle et al. 2003 & Rajani et al. 2003). Accordingly, two 
4-inch (DN-100) ductile iron pipe sections; one internally lined with cement 
mortar and the other internally unlined, were selected for testing. Both pipe 
sections have external coatings of metallic Zinc with bitumen layers for 
prevention against corrosion. The exact characteristics of the selected pipe 
sections are shown below. All dimensions are in millimetres (mm) and in 
conformity with BS EN 545: 2006. 
External Diameter Internal Diameter 
1. Lined pipe section (with cement mortar) 
2. Unlined pipe section 
3. Wall thickness 5 
4. External coating (metallic Zinc) 19 
5. Internal coating 20 
6. Pipes' lengths 2000 
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Figure 3.1 Experimental pipe sections 
Figure 3.1 shows the two pipe sections with flanges before setting into the test 
box. 
3.3.2 Soil test box 
A metallic soil test box was used to house these experiments. The test box 
was purposely designed and fabricated for use in this research. This is a 
standard equipment used to conduct soil model tests in modern geotechnical 
laboratories. The arrangement of this box is such that it allows the application 
of pressure or suction to a soil sample. The applied forces control all the 
changes that are involved in the soil mass. The outer dimension of the metal 
box was 1.8 x 1.5 x 1.5 cubic metres as shown in Figure 3.2, which is the 
schematic box arrangement. For economy and efficiency of the experiments, 
a smaller wooden box was constructed and placed inside the metallic box. 
The Figure 3.2 shows the outlines of the two boxes with the positions of the 
two pipe sections. The whole system was covered with tarpaulin (as can be 
seen in Figure 3.3) to exclude it from the environment, hence reducing 
evaporation and confining rainfall. 
3.3.3 Wooden box and wall lining 
As described above the constructed wooden box served two purposes; 
economy and efficiency of the experiments. The use of the wooden box 
helped in design modifications by allowing the use of an exact required 
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dimensions, as well as reducing the overall experimental cost by bringing 
materials to manageable quantities. The wooden box dimensions were 1.2 x 
0.8 x 1.45 m3, which were determined by experimental design, as detailed in 
section 3.3.6. The four walls of the box including its base were lined-up with a 
0.5 mm PVC liner by use of an appropriate adhesive material. This was aimed 
at preventing corrosion or otherwise of the metallic walls from contaminating 
final experimental results. 
(All dimensions are in mm) 
Figure 3.2 Schematic arrangement of the test box 
Figure 3.3 Soil test box 
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3.3.4 Pipeline bedding and backfill design 
The design of bedding and backfill for a pipeline system is an integral part of 
its construction. This is necessary to prevent . longitudinal bending and 
differential settlements (Moser, 2001). The characteristics of bedding and 
backfill materials, and the cover depth are equally important in safeguarding 
the integrity of the pipe. It is assumed that the vertical load acting on a rigid 
pipe is the dead load of the backfill materials and the traffic above it. The 
cover depth acts as a barrier between the pipe and imposed live load. A 
decrease in the cover depth exposes the pipe to an increased live load due to 
its closeness to the live load. Likewise, when the cover depth is more than 
required, the pipe is subjected to an increased dead load. Both cases can 
cause damage to the pipe. In the case of this experiment, traffic loading was 
assumed static. The bedding materials used in these experiments are 
representative of field conditions. 
3.3.5 Bedding class 
Figure 3.4 shows the two selected pipe sections set on gravel bedding inside 
the test box before back-filling. Apart from supporting the pipes, placement of 
a gravel layer under the soil facilitated drainage and prevented clogging of the 
sampling tube by the fine sand particles (Etchebers et al. 2007). Figure 3.5 
shows a cross section of class B bedding arrangement in which a pipe is set 
on a single-sized gravel (filling the trench from the bottom to the centre line of 
the pipe at an angle of 180°). The upper part of the centre line is then filled-up 
with selected back fill material. The bedding arrangement was in accordance 
with the American Society for Testing & Materials, ASTM (Moser, 2001). This 
class of bedding was used in this study because of its easier application with 
the materials that were available for this research. According to the British 
Standard EN 545:2006 (E), ductile Iron pipes complying with subsections 
4.4.2 and 4.5.2 of the same code may be buried in contact with a large 
number of soils, which can be identified by soil studies on site, except: 
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• soils with low resistivity, less than 1500 ohm.cm when laid above 
the water table or less than 2500 ohm.cm when laid below the 
water table. 
• mixed soils, comprising two or more soil natures. 
• Soils with a pH below 6 and a high reserve of acidity. 
• Soils containing refuse, cinders, slags or polluted by wastes or 
industrial effluents. 
Figure 3.4: Twin pipes on gravel bedding 
J 
J 
y 
Figure 3.5 Class B bedding arrangement 
Legend: 
Y distance between trench bottom to pipe centreline at an angle of 1800 
1 selected backfill material (Leighton Buzzard sand) 
2 single-sized granular material (6 mm pea-gravel) 
3 drain at trench bottom 
Bc' Combined diameter for twin pipes 
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C Cover depth 
P Pipe sections 
3.3.6 Design of pipe trench 
The recommended narrow trench width for a 100 mm diameter pipe is 0.55m, 
Young & O'Reilly (1983). Considering a pipe with external coating of up to 
30mm, there is a need for a working space of D = (550-130 210cm) on 
. 2 
each side of the pipes. 
The two pipe sections used in these experiments were both 100 mm diameter 
with external coatings of 19 mm each. The equivalent diameter for two twin-
pipes, Bel as shown in Figures 3.4 to 3.6 was calculated using the following 
formula. 
Bel = 2Be + S = 2(100+19)+ 119 =297.5 ",300 mm, where Bc is the size of 
2 
each pipe and S is the clearance between the twin pipes, 
S has a safe value of Bc ,Young & O'Reilly (1983). 
2 
Narrow trench width, Bd = Bel + 2D = 300 + 2 (210) = 720 mm, approximated 
to 0.8 m. 
In order to provide a room for extending the pipes outside the test box (for the 
purpose of internal corrosion assessment) the wooden box length was chosen 
to be 1.2 metre. This gave an allowance of ( 1.5 -1.2 ) = 0.15 m on each side 
2 
of the two pipe sections. Therefore, the wooden box size was set as 1.2 x 0.8 
x 1.42 m3• 
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back fiU c 
Figure 3.6 Twin pipes in one trench 
3.3.7 Cover depth 
A minimum cover depth of 0.64 metre was used. This value falls within a 
depth cover limit of 0.3 to 10.5 m for rural areas, depending on the properties 
of pipe and the sand (BS EN 545:2006). Minimum cover depth is 0.3 m. In 
temperate climates such as the UK this is increased to 0.9 m to provide frost 
protection. In countries with the permafrost such as Canada this can be 5-6 m 
minimum depth. 
3.3.8 Material quantities 
The selection of bedding and backfill materials in these experiments was in 
conformity with international specifications based on the British Standard EN 
545:2006 (E) and also as explained in "Specifications for bedding (1995) & 
Young, et al. (1985)". 6.0 mm mean size pea-gravel was water-washed and 
used as the bedding material, with «0.004 to 0.4 mm) Leighton Buzzard Silt-
Sand as the side and back fill material. This sand was preferred over the local 
Loughborough soil because of its good hydraulic conductivity of approximately 
3.9242 x 10-5 m/s (as presented in sectio'l4.4.2) and being a standard sized 
material used both nationally and internationally when conducting 
experiments and comparing results internationally. Both the gravel and sand 
fell freely into place without requiring any sort of corn paction. 
The materials used had the following characteristics (Refer to appendix A for 
detailed calculations): 
I. Measured unit weight of gravel = 15.9464 kN/m3 
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11. Measured unit weight of sand = 13.6018 kN/m3 
Ill. Required volume of pea-gravel, Vg = 0.8 x 1.2 x 0.86 - vp = 0.7666 m3 
IV. Required volume of sand, Vs = O.8x1.2xO.64-Vp ",0.6033 m3 
Where vp is half the external volume of the two pipe sections. 
Calculations of maximum load on pipes 
Based on the British Standard EN545:2006 (E), The earth pressure Pe, 
uniformly distributed at the top of the pipe over a distance equal to the 
external diameter, is calculated according to the earth prism method by the 
formula, 
Pe= rH 
Where Pe is the pressure from earth loading, in kilonewtons per square 
metres, r is the unit weight of backfill, in kilo newtons per cubic metre (which 
is 13.6018 kN/m3 from section 3.3.8) and H is the height of the cover, in 
metres (which is 0.64 m from section 3.3.7). 
Pe = 13.6018 X 0.64 = 8.7052 kN/m2. 
The crushing load for a ductile iron pipe is 330 MN/m2 and its Bending Stress 
is 250 MN/m2. This indicates a safe design. 
3.3.9 Water flow and spray module 
This subsection outlines the hydraulic setting that was used in conducting the 
external corrosion experiments. 
3.3.9.1 Inlet arrangement 
A water hose was used to supply water to a purpose-made spray module. The 
flow of water was controlled by a flow meter (as shown in Figure 3.7) to give 
86 
Chapter Three: Methodology 
the desired flow rate of 0.5 I/min (as shown by calculations in section 3.3.10) 
through 24 spray points on the module. 
3.3.9.2 Outlet arrangement 
A plastic tube was connected through a draining hole at the bottom of the test 
box. This tube served as a conduit for sample collection from where all the 
samples for extemal corrosion assessment were taken. The design was such 
that any water sprayed on the topsoil would move vertically through the sand 
and gravel packs to the box reservoir enclosed by a 0.5 mm PVC lined walls. 
The box was inclined at an angle of 30° in order to ease water flow and 
sample collection (as shown in Figure 3.7). The two pipes were then levelled 
horizontally in the box to avoid any differential water pressure gradient. 
Samples were collected in 600 ml glass test bottles and transported to the 
laboratory for investigations (Mary, 2005). 
Figure 3.7 Photo showing a flow metre connected to water supply hose 
3.3.10 Hydraulic loading 
A rectangular module was constructed with 24 spray points covering the 
whole box top surface. This was placed at a small distance above the topsoil. 
A uniform flow pressure was ensured through the spray points by equally 
distributing the total inflow water through the four corners of the spray 
module. The flow of water was controlled by a flowmeter which was 
connected between the main supply and the spray module (Figure 3.7). 
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Considering the fact that rainfall data varies from one location to another, 
there was a need to spray an exact rainfall volume for a specific location. An 
average annual rainfall of Loughborough (being the central location of the 
study) of 700 mm was used. Loughborough rainfall data was accelerated to a 
three-year rainfall volume and spread over a period of time (as shown in the 
calculations below). 
;='2::;= 
";b .. ",!!! 
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Figure 3.8 UK Met Office Map showing average annual rainfall amlounlN.1971-2000) 
Location of Loughborough arrowed on the map 
Annual rainfall of Loughborough (Met Office website, 14/08/07) 700 mm 
Area of test box (spray area) = 1200 x 800 = 960,000 mm2 
Annual rainfall volume = Average rainfall x rainfall contact area 
= 700 x 960 000 = 6.72 X 108 mm3 
= 0.672 m3 
Three-year average rainfall volume = 2.016 m3 
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This rainfall volume was distributed over a range of three weeks (4 hours 
daily, 5 days per week for a period of 3 weeks). 
Number of hours = 4 x 5 x 3 = 60 hours 
Equivalent hourly rainfall = (2 x 1000 litre )/60 = 33.3333 I/hr 
The spray (flow metre) was set at a rate of 0.5 litre/min given a total daily 
volume of 120 litres over a period of 4 hours on each day of the spray. The 
equivalent rainfall rate is calculated below: 
Rainfall rate = 0.5 x 10-
3 
= 0.868 I x 10-5 m/s 
60x 1.2 x 0.8 
The whole system was isolated from the environment by using a water-proof 
Tarpaulin cover. This ensured a mass balance of the contaminants and water 
to be carried out. This was also aimed at reducing evaporation and confining 
rainfall. There was no surface flow, therefore all the sprayed volume was 
drained through the sand and gravel packs. 
The volume, of rainfall drained from test box was collected and integrated into 
a single bulk sample within the box below the pipes. Sample time from 4pm to 
10am the following moming, a total of 120 litres was collected, and sample 
time from 11 am to 4pm, 90 litres was collected. Sub samples of 600 ml were 
taken for analysis. 
3.3.11 Addition of heavy metal salts 
Soluble salts of Copper Nitrate, Chromium Nitrate, Nickel Sulphate and Lead 
Nitrate were dissolved, mixed with RO (reverse osmosis) water and fed into 
the two experimental systems. The concentrations were based on the 
average values obtained from literature (Carrington et al. 1998). In the 
extemal corrosion experiments, heavy metal solutions were sprayed on the 
89 
Chapter Three: Methodology 
topsoil. Whilst in the internal corrosion assessment experiment, the metal 
solutions were added to the recycled water systems in two constructed loops. 
The selection of heavy metals was influenced by the metals found to exist in 
the literature (as described in chapter 2). Metal salts' selection was based on 
their aqueous solubility. The metal salts used in this study were found suitable 
in a research carried out by Muhammad (1998). Metal concentrations were 
governed by the following: 
1. Average values of individual heavy metals found from the literature 
2. Experimental quantities of sand and water 
In each case, the heavy metal solution was sprayed on the topsoil and 
allowing a maturation period of one week for metal settlement in the sand to 
occur before water spray commenced. 
The concentrations of heavy metals were calculated as follows: 
Average values of heavy metals in soil (Carrington et al. 1998): 
Copper (Cu) 26.0 mg/Kg 
Chromium (Cr) 84.0 mg/Kg 
Nickel (Ni) 34.0 mg/Kg 
Lead (Pb) 29.0 mg/Kg 
3.3.11.1 Quantities of metals required 
Sample calculations 
In accordance with the Transport Research Laboratory (TRL) guidance (Yong 
et al. 1986), the average unit weight of bedding and backfill materials used in 
the standard tables is 2 Mg/m3 but lower values are justifiable. The density of 
No. 130 Leighton Buzzard sand «0.04 to 0.4 mm) used in the experiments 
was 13.6018 kN/m3 (1.3602 Mg/M3) as shown in the appendix. 
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Therefore, the mass of sand required = Density x Volume (from Section 3.3.8) 
= 1.3602 x 0.6033m3 = 0.8206 Mg = 820.5 Kg. The experimental sand 
contained 820.5 x 26 of Copper (Cu)= 21,333.0 mg, equivalent to 21.333 
gram of Copper per total weight of the experimental sand. 
Heavy metals Total weight (gram) 
Copper (Cu) 21.3330 
Chromium (Cr) 68.9221 
Nickel (Ni) 27.8969 
Lead (Pb) 23.7947 
Table 3.1 Experimental quantity of heavy metals 
Table 3.1 shows the quantities of the four heavy metals used in the 
experiments. 
3.3.11.2 Weight of metal salts 
Sample calculations 
Calculation of weight fractions for the chemicals used: 
1. Copper (ii) nitrate trihydrate, CuN20 6.3H20 
1M = GAW. (Cu) + 2 x G.A.w. (N) + 6 x GAW. (0) + 3 x G.M.W. 
(H20) 
= 63.546+2x14.007+6x15.996+3x18.015 = 241.58109 
% Cu in 1 M = ___ G_.A_.W--,-.( C_u-,) __ 
GM.W.(CuN20 6·3H20) 
63.5460 
241.5810 
26.3042% 
Where GAW. is the gram atomic weight and G.M.w. is the gram 
molecular weight, and M is 1 Mole. 
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The required amount of Copper is 21.3330 gram. Therefore, the 
molecular weight of CuN206.3H20 required in the solution is 
GM.W. x 21.333 = 241.6000 x 21.333 
G.A.W. 63.5460 
= 81.1074 gram (0.3357 Moles) 
The solubility of CuN206.3H20 in water at 10°C is 500 g/L (Mary, 2005). 
Table 3.2 shows the quantities of the four metal salts required in the four 
experiments. 
Metal salts Formula Quantity (g) Mole Solubility (g/L) 
Copper CuN20 6.3H2O 81.1074 0.3357 500 Nitrate 
Chromium CrN30g.9H2 530.4091 1.3260 500 Nitrate 0 
Nickel Ni04S.6H2O 124.9570 0.4751 330 Sulphate 
Lead Nitrate N20 6Pb 38.0349 0.1152 316 
Table 3.2 Experimental quantity of metal salts 
Detailed calculations for all the four experimental heavy metals and their 
respective salts are shown in the appendix. 
3.3.12 Commissioning and maturation 
The setup of the soil test box was commissioned by switching the supply tap 
on and initially setting the flowmeter at a rate of 1.0 litre/min. The flow rate 
was then gradually reduced and the topsoil further levelled up. The water 
inflow on the topsoil with permeability, k=3.9242x10·5m/s was successfully set 
out without any surface flow. The flow rate of 0.5 litre/min gave a rainfall rate 
of 0.8681x10·5m/s as shown in section 3.3.10. The first experiment with 
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CU(N03l2 commenced successfully and was followed in the same way by 
other experiments with the other three chemicals. 
After commissioning the experiment, a maturation period of 5 to 7 days was 
allowed at each stage of the experiments for the chemicals to settle down on 
the topsoil before the commencement of water spraying. 
3.3.13 Experimental sampling 
Two experimental samples were taken twice a day; at 10 am and 4 pm as 
explained in section 3.3.10. This was done for a period of three weeks for 
each set of the four different experiments. Samples were collected via a small 
drain at the bottom of the test box (section 3.3.9.2), for external corrosion 
assessment and through the bleeding points attached to the transportation 
pipes in the internal corrosion experiments (section 3.4). Sample collection at 
4 pm was at a time when water drainage in the gravel pack was still in 
progress, ensuring a proper mixing of the samples. The first daily sample 
collection was designed to correspond to a time when all the water had 
dripped out of the sand/gravel packs. In all the cases, 600 ml of external 
corrosion samples and 300 ml of the intemal corrosion samples were 
collected in test bottles respectively (Mary, 2005). The collected samples were 
immediately tested for temperature, pH, conductivity and TDS. The samples 
were then stored in the cold room for further investigations. 
3.4 Setup for internal pipe corrosion experiment 
This experiment was set up to monitor the effect of increased level of heavy 
metals in drinking water, above the UKlEU allowable limits. Water was set to 
circulate through closed loops made up with two different (a lined and an 
unlined) pipes as shown in Figures 3.2 and 3.9. The loops were constructed 
with the two pipe sections used in the extemal corrosion experiments. Each 
loop comprised one of the test pipe sections, a water pump (Figure 3.10) and 
a PVC transportation pipe to connect the test pipe section and the water 
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pump (as shown in Figures 3.9 & 3.10) . The two water pumps used were 
similar with characteristics as given in Table 3.3. These pumps were operated 
for four hours each day with a 30 minutes cooling-up period at the end of the 
first two hours. The cooling-up period was provided to prevent the pumps from 
overheating and any undesired effect on the results. A point was provided on 
each loop for water bleeding. chemical addition and sample collection. 
Dissolved metal solutions of CU(N03)2. Cr(N03h. NiS04 and Pb(N03)2 were 
added into the loops at different stages of the experiments. Samples were 
collected each day and the sample volume taken was being replaced with tap 
water before starting-up the pumps. These samples were analysed exactly in 
the same way as the samples from the external corrosion experiments 
(section 3.3.13). 
Figure 3.9 PVC pipes connecting pipe sections and water pumps 
Figure 3.10 Water pumps used for internal corrosion experiment 
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RMS Voltage PH Frequency ABM 
2S00 220 1.0 SO Hz 400Cmax. t0240v 
Table 3.3 Pumps characteristics 
3.4.1 Quantities of heavy metals 
Figure 3.11 shows the arrangement of internal corrosion experiment with the 
three components. 
/ Tt' es pipe 
I () \. 
-
-
/ '" Water pump PVC transportation pipe 
Figure 3.11 Internal corrosion experimental loop 
Material properties 
Parameter Lined pipe Unlined pipe PVC pipe 
Length (m) 2.0 2.0 6.0 
Internal dia. (mm) 7S.0 9S.0 20.0 
Area (m2) 4.4179 x 10.3 7.0881 X 10-3 3.1420 X 10-4 
Volume (I) 8.8360 14.1758 1.8852 
Table 3.4 Pump material properties 
From Table 3.4: 
The total volume of the lined pipe loop is volume of the pipe plus volume of 
the PVC pipe = 10.7211 = 11.0 litres 
The total volume of the unlined pipe loop = 16. 0612 = 16 litres 
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T bl 35 h a e sows th U ·t d K' d m drinking water metal contents. e me Ingc 0 
metals Limit (1-I91I) 
Copper (Cu) 2000 
Chromium (Cr) 50 
. 
Nickel (Ni) 20 
Lead (Pb) 25 
... Table 3.5 UKJEU metal limit In drinking water (Severn Trent, 2007) 
The UK allowable metal limit in drinking water was multiplied three times and 
the resulted values were used in the internal corrosion experiments. The 
values used in the experiments are shown in Table 3.6. 
Sample calculations 
Copper: 
The raised metal content in the lined pipe was calculated as follows: 
the allowable UK limit of Copper in drinking water multiplied by an elevation 
factor of 3 multiplied by the total volume of water in the loop. 
The raised metal level = 2 mg/l x 3 x 11.0 I = 66 mg 
Weight of CU(N03h = 241.6 x 66 = 250.9 mg 
63.546 
For the unlined pipe: the raised metal content = 2 mg/l x 3 x 16.0 I = 96 mg 
Weight of CU(N03)2'; 241.6 x96 = 365 mg 63.546 
Metal salt Amount in Lined pipe (mg) 
Cu(N03h 250.9 
Cr(N03h 12.7 
NiS04 2.96 
Pb(N03)2 1.32 
Amount in unlined pipe (mg) 
365.0 
18.5 
4.3 
1.92 
Table 3.6 Amount of metal salts used In the experiments 
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3.5 Experimental analytes and instruments 
Analytes Instrument 
1. Metal mass balance Inductively couple plasma (ICP) 
2. Redox Potential Direct Potentiometer 
3. Sulphate content Pallintest Photometer 
4. Inorganic carbon (IC) TOC Analyser 
5. Total Organic Carbon (TOC) TOC Analyser 
6. pH 3-in-1 Hanna Instrument HI 9812 
7. Conductivity 3-in-1 Hanna Instrument HI 9812 
8. Total dissolved solutes (TDS) 3-in-1 Hanna Instrument HI 9812 
9. Photography Digital Camera 
10. Temperature Thermometer 
11. Turbidity Turbidimeter 
12. Potential difference Potentiometer 
Table 3.7 Experimental analytes and Instruments 
Investigation on water quality parameters was carried out using Standard 
Methods (AWWA, 1986) and the available instruments in the water 
engineering laboratory of Loughborough University. The analytes tested and 
their respective instruments are listed in Table 3.7. 
Weight loss was removed out of the list because of environmental factors 
such as rainfall and sun rays. As can be seen in Figures 3.2 and 3.5, the two 
pipe sections were extended out of the test box in both sides. This was 
designed to allow for the construction of internal corrosion experimental loops. 
The internal corrosion experiment was conducted concurrently with the 
external corrosion experiments. As a result of extending the pipes out, the end 
parts were directly exposed to environmental conditions, which made weight 
measurement unreliable. There was another problem with potential difference 
measurement, which varied immensely due to wetly conditions experienced 
by the pipes because of rainy or snowy condition. 
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3.5.1 Measurement of metal concentrations 
An inductively coupled plasma (ICP) method of spectrophotometer was used 
in analysing metal mass balance of the effluent samples from the external and 
internal corrosion experiments (Mary, 2005). The machine used was the 
American made "Atom Scan 16" by Thermo Jarrell Ash. The collected 
samples from the two experiments, as well as those from the column and 
adsorption tests were tested for soluble and total metal contents. 
The ICP machine was calibrated for primary and secondary linearity on each 
day of the analysis. Nine metals were tested for, namely: Iron (Fe), Copper 
(Cu), Chromium (Cr), Nickel (Ni), Lead (Pb), Manganese (Mn), Zinc (Zn), 
Silicon (Si) and Sulphur (S). These metals were grouped on 
recommendations of the standard methods (Mary, 2005) in order to minimise 
interference of the respective detection wavelengths. The grouping was (1) 
Fe-Cu, (2) Cr-Ni, (3) Mn-Pb-Zn, (4) Si and (5) S. Before the start of each 
group analysis, the ICP machine was calibrated with mixed calibration 
solutions of the metals in each group (prepared from stock solutions). The 
calibration concentrations were set at 2.0, 4.0, 6.0, 8.0 &10.0 ppm 
respectively. A recovery coefficient of approximately 100% was obtained in 
each case. 
In the soluble metal analysis, crude samples were taken from the box, 
acidified with Nitric acid (HN03) to pH values of less than 2 and preserved in 
the cold room. On each day of the metal analysis, 100 ml of the crude 
samples were measured and filtered before taking to the plasma. 
In the case of total metal analysis, 50 ml of the crude samples were measured 
and digested using the standard method of metal digestion with diluted Nitric 
acid (69% HN03) and Hydrochloric acid (HCL). The digested samples (with all 
particulates dissolved) were also filtered and their final volumes raised to 100 
ml by adding a least metal free water that was treated by reverse osmosis 
process. 
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Final metal concentration in part per million (ppm) was determined by the 
following formula: 
. FinalVolume Concentration (ppm) = MetalContent x ..:....:.c..::..:..:....:..:=..:.::.... 
InitialVolume 
[1] 
3.5.2 Measurement of carbon content 
Total Carbon and inorganic Carbon contents in the effluent samples of 
external and internal corrosion experiments, as well as those from the column 
test were measured by using a total organic carbon (TOC) Analyser model 
"Rosemount Dohrman DC-190", a brand of "Sartec Analytical System" United 
Kingdom Limited. For each sample two values of the total and inorganic 
Carbon contents were measured and averaged. The difference between the 
averaged values gave total organic carbon (TOC) values. The unit of 
computation was part per million (ppm) equivalent to milligram per litre (mg/I). 
This is a non-specific indicator of water quality, which is also a carrier of iron. 
3.5.3 Measurement of turbidity 
Turbidity plays an important role in the determination of metal concentrations 
by mass spectrometry. It is a protocol of the ICP machine that any sample 
with turbidity greater than unity has to be digested in order to reveal true total 
metal contents "Standard methods (Mary, 2005)". This water quality 
determinant decides on samples that would produce reliable results when 
analysed on the plasma. Samples with low turbidity (less than 1.0) are 
expected to produce nearly identical results for both soluble and total metal 
concentrations. Whereas samples with higher values of turbidity suggest the 
presence of particulates in solution. These types of samples are expected to 
produce differing concentrations for soluble and total metals. The total metal 
concentration for such samples is higher than the soluble metal concentration 
because of acid digestion used to reveal metal ions, which were previously 
attached to particulates in the solution. Turbidity was measured using a HACH 
model 2100N turbiditymeter. Turbidity is important in corrosion studies as it is 
a measure of the presence of particulates and dissolved solids in solution. 
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3.5.4 Miscellaneous Instruments 
Other water quality determinants, namely; temperature, pH, conductivity, total 
dissolved solids (TDS), Sulphate content, and Redox Potential were all 
measured using their respective standard instruments mentioned above. 
These measurements were carried out and the results were used in 
determining corrosion possibilities of the tested pipes. 
3.6 Concluding remarks 
This chapter has presented the methodology used in conducting the external 
and internal corrosion assessments of two/4 inch (DN 100) ductile Iron pipe 
sections. The main design calculations together with tables and figures are 
presented within the chapter. Whilst other supporting data can be found in the 
appendix. The setting up of the respective experiments were strictly based on 
internationally accepted standards. 
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Chapter Four: Control experiments 
4.1 Introduction 
In order to allow for good comparison between the experimental results and 
what might be inherent to water quality, different control experiments were 
setup and executed concurrently with the primary experiments. Control 
experiments are essential parts of any investigation as they serve as tools 
that could be used to ascertain the true effects of the tested variables. The 
setup of these experiments were identical to those of the primary 
experiments, with tap water as the experimental fluid. Different readings were 
taken and averaged in each case, in order to remove or minimise 
experimental errors. 
The chapter therefore, outlines the results of the different control experiments 
carried out to serve as background levels for the main experimental 
investigations. The main purpose of this chapter was to provide an overview 
of different biological and geochemical activities taking place in soil water. All 
measurements were carried out to the best of experimental allowances as 
was the case in the main experiments and under the same circumstances. 
4.2 Column Test 
Although the aim of this test was to replicate the box experiments, there was 
no standardised leaching test procedure for soil materials, (Linde et al. 2007). 
An acid washed glass column of 58 mm diameter and 1.19 m length was set 
up with the same gravel and sand that were used in the main experiments as 
shown in Figure 4.1, with the column construction being at a depth proportion 
of 1.33 to the main experimental box (section 4.2.2). The common leaching 
solution used in many tests is either distilled water or distilled water with 
diluted Nitric acid HN03 in the case of pH dependence tests. In this study, tap 
water was used as irrigation fluid in the main box experiments and in .the 
column tests. The column experiments were carried out in the laboratory at 
room temperature ranging from 13°C to 20°C over a span of time. The main 
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experiments in this research were set to study corrosion of the pipe sections 
over a period of three years by using a three year rainfall volume. A 
corresponding three year rainfall (hydraulic loading) as used in the main 
experiments, was passed through the column and samples were collected at 
the bottom of the column. The analyses carried out on the outcoming samples 
from the main experiments were repeated on the column samples (Ieachates) 
and the measured quantities were corrected by a change in depth factor of 
1.33. Depth correction was made to ensure uniform equating for both the box 
and column systems. 
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Figure 4.1 Cross sections of experimental box and column 
4.2.1 Irrigation (Hydraulic loading) 
Cross sectional area of the box, A1 = Length x Breadth = 1.2 x 0.8 = 0.96 m2 
(the wooden box dimensions in section 3.3.3 are 1.2 x 0.8 x 1.45 m3) 
Cross sectional area of the column, A2 = m 2 = 7r = 0.0026 m2 . ( 58 )2 
2xl000 
Daily irrigation volume through the box = 120 litres (from section 3.3.10) 
Assuming the same rainfall intensity through the two systems, 120litres = ~ , 
Al A2 
where X is the irrigation volume through the column, corresponding to the 
daily volume in the main experiments. 
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Irrigation volume through the column, X = 120 x 0.0026 = 330 ml 
0.96 
Considering the size of the overhead supply tank and the supply hole, it 
became difficult to set the irrigation intensity exactly as it was in the main box 
experiment. The rainfall volume of 330ml was therefore passed through the 
column over a period of 2 hours in each set of the column test. The rainfall 
rate over the column cross sectional area of 0.002642 m2 was calculated as: 
330 1.7348 X 10-5 m/so 
2x60x60xl0-6 x 0.0026 
4.2.2 Depth correction 
Total column depth = 1190 mm 
Column useful depth = 1090 mm (less a depth for loading water, 100 mm) 
Material depth in the column = (depth fraction in the box) x (column useful 
depth) 
640 Sand depth = --xl090 =481.1034 mm 
1450 
810 Gravel depth = --x 1090 =608.8966 mm 
1450 
Change in depth factor = 640 = 810 = 1.3303 
481.1034 608.8966 
The aim of this subsection is to establish a basis for comparing metal leaching 
from both the main box experiments and the column tests. All the analyses 
carried out on the box experimental samples would be repeated on the 
column samples and the measured quantities would be corrected by the 
change in depth factor of 1.33. The depth correction was made to ensure 
uniform equating for both systems. 
4.2.3 Column Test Results 
The results of the column test conducted with 6 mm pea-gravel and 0.004 to 
0.4 mm grain-sized sand as in the main experiments are presented here. In 
addition to dissolved and total metals, pH, temperature, conductivity, redox 
potential, total dissolved solids (TDS), turbidity, sulphate and carbon contents 
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were monitored in the outcoming solutions. The leachates collected in these 
experiments came directly from tap water that was passed through the· 
column. The samples should therefore be representative of soil water 
characteristics inside the column. Metals analyses were carried out using an 
Inductively Coupled Plasma (ICP) machine. A guide on the precision of the 
ICP machine for each of the metals used together with their calibration 
concentrations are summarised below. 
• Chromium: X=0.9544C+3.1, S=0.0499X+4.4, calibration concentration, 
5.0 mg/l. 
• Copper: X=0.9297C-O.3, S = 0.0442X+2.85, calibration concentration, 
1.0 mg/l. 
• Iron: X=0.8829C+ 7.0, S=0.0683X+11.5, calibration concentration, 10.0 
mg/l. 
• Lead: X=0.9699C-2.2, S=0.0558X+7.0, calibration concentration, 10.0 
mg/l. 
• Manganese: X=0.9417C+0.13, S=0.0324X+0.88, calibration 
concentration, 2.0mg/l. 
• Nickel: X=0.9508C+0.4, S=0.0604X+4.4, calibration concentration, 2.0 
mg/l. 
• Silicon: X=0.5742C-35.6, SR=0.1987X+8.4, calibration concentration, 
21.4 mg/l. 
• Zinc: X=0.9356C-0.30, S=0.0914X+3.75, calibration concentration, 5.0 
mg/l. 
Where X is the mean recovery (J1 g/l), C is the true value (J1 g/l), S is the 
multi-laboratory standard deviation (J1 g/l) and SR is the single-analyyst 
standard deviation (J1 g/l). 
In order to have a good linearity, the ICP machine was calibrated with mixed 
calibration solutions of the metals in each group (prepared from stock 
solutions) refer section 3.5.1. The calibration concentrations were set at 2.0, 
4.0, 6.0, 8.0 &10.0 ppm respectively. A recovery coefficient of approximately 
100% was obtained in each case. 
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4.2.3.1 Iron content and turbidity 
Figure 4.2 shows running concentrations of soluble and total iron from the 
column experiments. The data consists of 60 (15x4) flush points 
corresponding to the fifteen daily irrigation flushes carried out in each of the 
four experiments in the extemal corrosion assessment. The duration of each 
flush was 2 hours with an intensity of 1.7348 x 10-5 m/s (as calculated in 
section 4.2.1). The irrigation volume of 330 ml in each flush integrated into a 
single bulk sample, which was collected in sample bottles for analysis. The 
detected metal concentrations from the column samples were corrected by 
the change in depth factor of 1.3303, established from depth relationship 
between the main experimental box and the glass column in section 4.2.2. 
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Figure 4.2 Iron content from column experiments 
The two graphs could be divided into a four parts curve; (1) flush 1 to flush 15, 
(2) flush 16 to 30, (3) flush 31 to 45, and (4) flush 46 to 60 corresponding to 
the four main experiments respectively. It could be noticed from the first part 
of the soluble iron graph that after an initial peak of about 0.5 ppm in the Iron 
concentration, the concentration shows a continuous decrease to a 
background (tap water) level of 0.011 ppm. At the beginning of the second 
part of the soluble iron graph, Iron concentration rose up at flush 16. This 
increase was consistent up to the end of that part, with a peak value at flush 
20 and it retumed to the background level at flush 30. The same pattem was 
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repeated in parts 3 and 4 of the soluble iron graph with peaks at flush 39 in 
part 3 and flush 46 and 49 in part 4. The peak values could be identified 
firstly, at the start of each part, and secondly, at points where there were 
breaks between successive flush. 
The total Iron graph indicates a clear replication of the soluble iron graph. The 
total Iron concentration quadrupled at almost all the flush points. This was 
expected because of the acid digestion carried out on the samples. 
Figure 4.3 shows turbidity values for the entire column experiments. The 
graph indicates all values above a benchmark of 1.0. This indicates the need 
for acid digestion in order to reveal the total metal contents in solution. By 
closely comparing Figures 4.2 and 4.3, it could be noticed that the turbidity 
graph indicates its peak values corresponding to the same flush points with 
the soluble and total iron peaks in Figure 4.2. This was due to the increased 
flow rate washing out more fine particulate matter from the glass column, 
especially before the saturation of the sand at the start of each flush. 
At flushing break points air entered the column and filled up the soil voids. 
This resulted in more washing from the sand/gravel during immediate 
subsequent flushing. This could also be linked to high water velocities along 
the glass walls of the column, as well as low water retention times as a result 
of low wall friction. The experimental box was expected to act differently. 
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Turbidity readings from Column Experiment 
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Figure 4.3 Turbidity values from column experiments 
4.2.3.2 Copper and other contaminants 
This study was initiated to test the effects of soil contaminants namely; 
Copper, Chromium, Nickel and Lead on ductile iron pipe corrosion. There was 
a need therefore to establish their background levels in the experimental silty 
sand. Table 4.1 shows the values of Copper, Chromium, Nickel and Lead 
from Severn Trent Water (the water supplier for the area), measured tap 
water values and the sensitivity level of the ICP machine at respective primary 
wavelengths. 
Metals Severn Trent Measured tap ICP sensitivity 
values (ppm) water values (ppm) (ppm) 
Copper 0.0300 0.0339 0.0020 
Chromium 0 0.0021 0.0040 
Nickel 0.0022 0.0070 0.0050 
Lead 0.0020 0 0.0250 
Table 4.1 Metal concentrations 
Table 4.2 shows the measured metal and other variable contents in water. 
Redox potential and Sulphate content in water were also measured as 190 
mVand 100 mg/l respectively. 
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Metals/Other variables Concentration 
(ppm) 
Iron 0.0188 
Copper 0.0500 
Chromium -0.0135 
Nickel 0.0052 
Lead -0.0127 
Manganese -0.0005 
Zinc 0.0250 
Silicon 1.5410 
Sulphur 32.0 
Total Carbon 34.0 
Inorganic Carbon 31.0 
Total Organic Carbon 3.0 
Table 4.2 Measured average concentrations III tap water 
Figures 4.4 and 4.5 show soluble and total concentrations of the four metals 
from the column experiments. The two Figures show Copper concentrations 
in the range 0.03 to 0.08 ppm, averaging to an approximate value of 0.05 
ppm. This value was slightly above the given value by the water supplier of 
that area (Sevem, 2007) but still lies within the European Union/UK normal 
tolerance of up to 2.0 ppm. Owing to the fact that the ICP machine could 
detect Copper in solution from as low as 0.002 ppm, this result could be 
expected. Copper concentration was higher at the points where irrigation 
flushes started and the concentration reduces with washing of materials from 
the column. 
The sensitivity of the ICP machine for Chromium was 0.004 ppm. The two 
Figures show average Chromium levels of 0.01 ppm soluble and 0.02 ppm 
total respectively between flush points 1 and 10 at the start of the experiment. 
After flush point 10 these values became negative through the remaining 
parts of the experiments. All values below the ICP sensitivity are regarded as 
zero. This confirms very low level of Chromium in tap water, as well as in the 
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sand. Similarly, the values of Nickel and Lead averaged to the expected tap 
water values of 0.01 ppm and 0 ppm respectively. The two figures show so 
much noise for Lead value, indicating its very negligible concentration in the 
effluent samples. 
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4.2.3.3 Manganese and Zinc 
The sensitivity values of the ICP machine for Manganese and Zinc were 0.001 
and 0.002 ppm and the average tap water values were 0.0026 and 0.025 ppm 
. respectively. As can be seen from Figure 4.6, there was a considerable 
quantity of Manganese in the samples. Although the water supplier (Severn, 
2007) reported the level of Manganese in tap water as 0.002 ppm in that area, 
the average detected value of 0.1 ppm of Manganese for both soluble and 
total was believed to have come externally from the tap water. This could 
suggest some traces of Manganese in the Silica sand that was used in the 
experiments. The peak points in the figure indicate the start of irrigation 
flushes when water velocity was high and therefore promoted more leaching 
of Manganese which was in abundance in the sand. Likewise, the detected 
soluble Zinc concentration in Figure 4.6 was about 10 times more than the 
expected tap water value (0.025 ppm), and even more from total Zinc in 
Figure 4.7. The silica sand could also be expected to produce the excess Zinc 
concentrations in the samples. There were unexpected jumps in soluble Zinc 
at Flush numbers 24, 48 and 54, indicating points of flushing break where the 
amount of air that entered the column influenced more leaching of materials. 
This was also reflected in the Iron and turbidity curves. Whereas, the jump in 
total Zinc at Flush number 32 might be an error resulting from digestion 
process. 
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4.2.3.4 Silica and Sulphur 
60 
The sensitivity of the IGP machine for Silicon and Sulphur was as low 
as 0.01 and 0.03 ppm respectively. The average tap water values were 
1.541 and 32 ppm for Silicon and Sulphur respectively. Figures 6.8 and 
6.9 show average Silicon concentrations of 3.7 ppm for both soluble 
and total contents. This value has doubled the average tap water 
content of 1.541 pm (Table 4.2). The excess amount was expected from 
the Silica sand itself, whereas the detected values of Sulphur were 
approximately the same as the tap water content with peak values at 
points of flushing breaks, indicating change in flow velocity. The higher 
values at the start of the experiment resulted from the gravel that 
originated from the River Trent in Leicestershire. 
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Soluble Metal Content from Column Experiment 
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Figure 4.9 Total Silicon and Sulphur from column experiment 
4.3 Metal adsorption test 
4.3.1 Introduction 
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This section explains the results of Copper adsorption tests conducted on two 
gravel samples; (1) 6 mm pea-gravel that was used in the main experiments 
and termed Loughborough gravel for identification purposes, and (2) a second 
gravel sample of 30-60 mm size range termed Lancaster gravel to identify it 
with its original location. These identifications are used throughout this 
chapter. As mentioned in chapter 5, a little amount of Copper was sllspected 
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to have been absorbed by the gravel mass in the experimental box. This 
assumption seems to be strengthened by the low concentration of Copper 
detected in the effluents. Copper is known to have a good solubility in water 
(500gll). This made it necessary to investigate whether or not the gravel 
adsorbed Copper. 
Adsorption is the accumulation of a molecule at the surface of an adsorbent. 
An adsorbent is the material capable of adsorbing molecules of other species 
and the material being adsorbed is called the adsorbate. This mechanism is 
caused by un-equilibrium forces acting at the interface between the adsorbent 
and adsorbate. The excess potential energy of the molecules can be reduced 
by the attraction of other substances at the interface "Bradl, (2005)". 
Adsorption is divided into two main types; (1) Physical adsorption, involving 
intermolecular forces in which Van der Waals forces and hydrogen bonds bind 
the molecules of the adsorbent and adsorbate together, (2) Chemical 
adsorption (Chemisorption), which involves valence forces through sharing or 
exchange of electrons between the adsorbent and adsorbate as covalent 
forces. Solid materials provide sufficient surface areas for the activities of 
adsorbate and the rate of adsorption depends on this surface area, as well as 
temperature and pH "Bradl, (2005)". Three main models were considered in 
this study; namely Langmuir (hyperbolic curve), Freundlich (parabolic curve) 
and Henry (linear curve) adsorption models. 
4.3.2 Batch adsorption test results for Copper 
The Freundlich and Langmuir models (Gregg, 1965) can be re-arranged to 
yield linear equations just like Henry's model, which is explained below. 
According to Henry's law, 
The Henry's (linear) model: 
This model is expressed as 
Q e = K.J Ce (6.1 ) 
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Where Qe is adsorption density at equilibrium solute concentration (p g of 
adsorbate per gram of adsorbent); 
Ce is the equilibrium concentration in solution (p g/l), 
and I<cJ is the partitioning (distribution) coefficient. 
This model is most suitable for low concentrations of contaminants but higher 
concentrations such as those used in this study require the use of the other 
two models (Apak et ai, 1998). 
The Langmuir model: 
This model is often used for adsorption of a solute from a liquid. Some 
assumptions of the model are: 
• . adsorption of the adsorbate onto the adsorbent takes place until a 
single monolayer is formed 
• the movement of the adsorbed molecules on the adsorbent's surface is 
restricted (Apak et ai, 1998) 
The model is expressed as: 
x,)(c Q, = ' (Apak et ai, 1998) 
l+KC, 
(6.2) 
Where Xm is the maximum adsorption capacity corresponding to complete 
monolayer coverage (p g of solute adsorbed per gram of adsorbent); 
K is the Langmuir constant related to energy of adsorption. 
Qe and Ce are as described previously. 
Equation 6.2 is rearranged to a form of linear equation: 
(6.3) 
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where _1_ is the slope of the equation and _1_ is the intercept. 
~ ~K 
The Freundlich model: 
This model is expressed as: 
Q, = KfC,Y. , (6.4) 
which could be rearranged to give: 
In 0. = In Kt + 1/n In CB (6.5) 
where OB and CB remain the same as above and Kt and n are empirical 
constants. 
The slope of the equation equals 1/n and the intercept is In Kt. 
4.3.3 Experimental method 
Three different weights each of the two samples 6 mm pea-gravel and 
30-60 mm gravel were placed in 250 ml plastic conical flasks. The 
samples were soaked in Copper solutions prepared with varying 
concentrations; 10.0, 20.0 and 30.0 ppm. The flasks were capped and 
shaken at 200 rpm for 30 minutes at 25 QC temperature. Samples were 
collected and diluted at a ratio of 1 to 10 ml. Effluents concentrations 
were monitored by an ICP method of spectrophotometry and the 
detected concentrations multiplied by 10 to balance the dilution. 
4.3.4 Adsorption test results 
The test results for the two gravel samples (6.0 mm and 30 to 60 mm) are 
presented below with consideration of the Henry, Langmuir and Freundlich 
Isotherms in each case. 
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4.3.4.1 First sample (6.0 mm size gravel) 
Langmuir Isotherm: 
Tables 4.3 and 4.4 show Copper batch adsorption test results for the 
pea-gravel. Sample calculations are shown in the text. 
Sample calculations for observation 1: 
Amount of Cu absorbed = 10 000-9845 = 155 Jl g/I, equivalent to 38.7500 Jl 9 
per 250 ml of Copper solution. The mass of gravel in 250 ml solution was 
84.0734g, the amount of Cu absorbed per gram of gravel is 0.4609 Jl g. 
Observations Influent (ppm) Effluent (ppm) Mass of sample 
Number (9) 
1 10.00 9.8451 84.0734 
2 20.00 18.8700 79.8750 
3 30.00 25.7000 90.0658 
Table 4.3 Copper adsorption results for pea-gravel 
Observations Influent Effluent Amount % Absorbed 
Number (Jl g/I) (Jl g/I) absorbed (Jl g) 
1 10 000 9845 155 1.5490 
2 20000 18870 1 130 5.6501 
3 30000 25700 4300 14.3300 
Table 4.4 Copper adsorption results for pea-gravel 
Hence Qe = 0.4609 Jl gIg of gravel, Ce = 10 000 Jl g/I, CJQe = 10 000/0.4609 
= 21 697. Similarly, the Qe and CJQe values for other observations were 
calculated and tabulated in Table 4.5. 
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Observations No. C. (fl g/l) CJQe 
1 10000 21,697 
2 20000 5,655 
3 30000 2,513 
.. Table 4.5 EquIlibrium concentrations and density ratios 
Freundlich Isotherm: 
Observations 
C.( fl g/l) Q. (fl gIg of 
Number 
In C. In Q e 
gravel) 
1 10 000 0.4609 9.2103 -0.7745 
2 20000 3.5368 9.9034 1.2632 
3 30000 11.9357 10.3090 2.4795 
Table 4.6: Summary of test results 
From the graphs in Figure 4.10 (a) to (c) the regression coefficients, R2 are: 
(a) Langmuir model 0.869019, (b) Freundlich model 0.999987 and (c) Henry 
model 0.933067. Freundlich isotherm in (Figure 4.10 (b» was used because 
R2 is near 1 and is a better representation than the Langmuir model for this 
case. The slope and intercept of figure 4.10 (b) are 1.6 and 0.99 respectively. 
1 Therefore, the value of n = - = 0.625 , and In Kt = 0.99, Kt = 2.69. 
1.6 
The straight line equation indicates adsorption of Cu onto the gravel according 
to the Freundlich isotherms. The regression coefficient of approximately unity 
is an indication of perfect linearity. A value of n less than one indicates a low 
adsorption intensity of Copper by the pea-gravel and the value of Kt greater 
than 2 indicates a good adsorption capacity. 
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4.3.4.2 Second sample (30 to 60 mm gravel) 
Langmuir isotherm: 
Tables 4.7 and 4.8 show Copper batch adsorption test results on 
Lancaster gravel. Sample calculations are shown in the text. 
Observations 
Number 
Influent (ppm) Effluent (ppm) Mass of sample (9) 
1 10.00 9.8020 72.5709 
2 .20.00 18.7100 79.5633 
3 30.00 29.3000 78.9727 
Table 4.7 Copper adsorption results for second sample (30 to 60 mm gravel) 
Observations Influent Effluent Amount absorbed 
(,u g/l) (,u g/l) (,u g) % Absorbed Number 
1 10000 9802 198 1.98 
2 20000 18710 1,290 6.45 
3 30000 29300 700 2.33 
Table 4.8 Copper adsorption results for second sample (30 to 60 mm gravel) 
Sample calculations for observation 1: 
Amount of Cu absorbed = 10 000-9 802 = 198 ,u g/l which is equivalent to 
49.5,u 9 per 250 ml of Copper solution. Mass of gravel in 250 ml solution was 
72.5709 g, the amount of Cu absorbed per gram of gravel is 0.6821 ,u g. 
Hence Q e = 0.6821 ,ug/g of gravel, Ce = 10 OOO,ug/l, CJQe = 10 00010.6821 
=14661. 
Similarly, the Qe and CJQe values for other observations were calculated and 
tabulated in Table 4.9. 
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Observations No. C. (,u g/I) CJQ. 
1 10000 14661 
2 20000 4934 
3 30000 13538 
.. Table 4.9 EqUIlibrium concentrations and density ratios 
Freundlich Isotherm: 
No. of 
C.(,u g/I) Q. (,u gig of 
Observations 
In Ce In Q e 
gravel) 
. 
1 10 000 0.6821 9.2103 -0.3826 
2 20000 4.0534 9.9034 1.3996 
3 30000 2.2160 10.3090 0.7957 
Table 4.10: Summary oftest results 
From the graphs in Figure 4.11 (a) to (c), the regression coefficients, R2 are: 
from (a) Langmuir model 0.0111, (b) Freundlich model 0.5717 and (c)Henry 
model 0.2065. Freundlich isotherm in (Figure 4.11 (b)) was used because R2 
is greater than the other two models and is a better representation than the 
other two for this case. The slope and intercept of figure 4.11 (b) are 0.69 and 
0.6. The value of n is therefore _1_ = 1.449 and In Kt = 0.6, which means that· 
0.69 
Kt = 1.822. A value of n greater than 1 indicates a good adsorption intensity 
and Kt less than 2 indicates a low adsorption capacity of Copper by the 
second gravel sample. 
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4.4 Permeability test 
Hydraulic permeability is an important factor in determining the suitability of 
engineering soils for different experimentations. This quality of soil determines 
the length of time required for water to move a unit length in the soil. Two 
sand samples were tested for permeability; (1) the silty sand used in the main 
experiments with grain size 0.004 to 0.4 mm, and (2) a second sand sample 
of 0.028 to 0.8 mm grain size range. Based on the suitability of the two 
permeability tests on different types of soil, a constant head test was used for 
the second sand sample, while the main experimental sand was tested with 
the falling head method. 
4.4.1 Constant head permeability test 
Second sand sample 
Cylinder size: 80 mm 
Cylinder length: 70 mm 
PermeabilitY,K = qL 
Ah 
Where A = Cross sectional area of the sand sample 
L = Sample length 
h = Head difference,. and 
q = Discharge per second 
Observation Time of collection 
Number (s) 
1 60 
2 60 
3 60 
.. Table 4.11 Constant head permeability 
From Table 4.11, 
Discharge Volume 
(m!) 
627 
617 
615 
Average h = 0.4097 m and average q = 1.0328 x10-5 m3/s 
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Area, A = 7r(0.08)' = 0.0050 m2 
4 
K = 1.0328XI 0-
5 
XO.07 = 3.5292Xl 0-4 m/s 
0.0050X0.4097 
4.4.2 Falling head permeability test (grain sized 0.004 to 0.4 
mm) 
During this test the sand specimen was soaked in water for several hours in order 
to force out all the compressible air present in the sand voids, until the sand was 
completely saturated . This was necessary to prevent volume change due to air 
in the sand. A laminar water flow was ensured under a steady state condition. 
K 2.3aL 
A t 
(4.7) 
Where ho is the initial reading of standpipe and h1 is the final reading of the 
standpipe. 
Area of stand pipe (diameter 4.5 cm) => a = 7r( 4~5r = 1.5 x 10-5 m2 
. , 
Cross sectional area of sand specimen => A = 7rC 0.126cm) = 8.1 073XlO-3 m2 
Length of sand specimen, L = 12.70 cm = 0.127 m 
Observation ho(cm) h1 (cm) Dt (s) k (m/s) number 
1 97.0 45.0 4 4.507 xi 0-0 
2 99.5 5.0 19 3.694 x 10-5 
3 95.0 10.0 15 3.523 x 10-5 
4 99.5 30.0 8.8 3.198x 10-5 
5 100 1 23 4.699 x 10-5 
.. Table 4.12 Falhng head permeablhty 
The average permeability, k = 3.9242 X 10-5 m/so 
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4.5 Surface area measurement 
4.5.1 Introduction 
. An external surface of a solid includes all the cracks and fissures which have 
a larger width than depth, whereas internal surface covers the internal walls of 
all cracks, voids and cavities which are deeper than they are wide (Gregg, 
1965). Because of the vagueness involved in discriminating between internal 
and external surfaces of a solid, calculations with such areas were extremely 
difficult. External surface is determined by measuring the amount of liquid or 
gas required to cover the surface of a solid "Gregg, (1965)". A method used 
by "Saleh, 2005" was used in this study. Ethylene glucol was used as an 
adsorbate which was adsorbed on the solids to form monomolecular layers on 
their surfaces. 
The Equipment and reagents used in this measurement were: 
• Vacuum pump 
• Desiccator 
• An accurate balance 
• Aluminium dishes 
• Granular anhydrous Calcium Chloride (CaCI2) 
• Anhydrous Phosphorous Pentoxide (P205) 
• Ethylene glycol 
• Dropper pipette 
• Experimental samples (6 mm pea and Lancaster gravel 30 to 60 mm) 
4.5.2 Experimental Method 
Six empty Aluminium dishes were weighed and the mass readings (m1) were 
recorded. The two gravel samples were each placed on two of the six 
Aluminium dishes. The other two dishes contained the Silica sand used in the 
main experiments and a second sand sample of 0.028 to 0.8 mm size range. 
The recorded masses were marked as m2. Approximately 70 grams of 
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Anhydrous Phosphorous pentoxide was placed in the bottom of the desiccator 
and its tray placed back in position. The Aluminium dishes with contents were 
arranged around the circumference of the desiccator and the desiccator lid 
was placed back. The vacuum pump was switched on to evacuate the 
desiccator for 45 minutes and the desiccator was allowed to stand for 4 hours. 
The pump air-inlet was then opened slowly and the vacuum was released 
gradually. An initial new mass of the dishes was recorded as m3 and the 
dishes were returned to the desiccator immediately. It was then evacuated 
again for another 45 minutes and was allowed to stand overnight under 
vacuum, when the following day, the vacuum .was released gradually and the 
dishes were immediately re-weighed and recorded where m3 has the lowest 
recorded value. Sufficient volumes of Ethylene glycol were added in each dish 
to cover the surfaces of the contents and the anhydrous Phosphorous 
Pentoxide was replaced by anhydrous Calcium Chloride. The desiccator lid 
was replaced and allowed to stand for 2 hours. The pump was then switched 
on for 15 minutes with the air-ballast setting of the pump switched on, and for 
45 minutes with the air-ballast setting switched off. The whole system was 
then allowed to stand overnight under vacuum. The following morning, the 
vacuum was released gradually and the dishes weighed immediately and 
recorded as m4. 
The surface areas of the samples were then calculated from the following 
equation: 
(
m -m ) 1 Surface Area = 4 3Lo~" x-
m3LoweSl - m1 G 
(4.8) 
Where m1 is the weight of empty dish 
m2 is the weight of dish plus sample 
m3 (1St) and M3 (2nd) are air-evacuated weights 
m4 is the weight of dish, sample and Ethylene glycol 
G is the weight of Ethylene glycol required to form a monolayer over 
1.0 m2 of a solid surface = 2.8 x 10-4 gm/m2 
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4.5.3 Results of surface area measurements 
. The Table 4.12 contains all the measured values in this experiment. 
Sample No. m1 (g) m2(g) m31 S'(g) m3 2no (g) m4(g) Area 
(m2/g) 
Pea-Gravel 1 4.8180 6.3251 6.3078 6.3076 6.3114 9.1108 
Pea-Gravel 2 4.8517 6.4303 6.4302 6.4293 6.4331 8.6026 
Second Gravel 1 5.5430 28.0485 28.0496 28.0481 28.0557 1.2061 
Second Gravel 2 5.5288 27.2387 27.2365 27.2343 27.2456 1.8593 
Silica Sand 4.6930 5.7424 5.7423 5.7417 5.7455 12.941 
Second Sand 5.0482 6.0649 6.0672 6.0669 6.0686 6.0000 
Table 4.13 Surface area measurement results 
Sample calculations: 
Pea-gravel 1 
Surface area, A = (
6.3114-6.3076) I 
6.3076 - 4.8180 x 2.8xl0-4 
= 9.1108 m2/gram of gravel 
Sample Name Average Specific Surface Area (m2/g) 
Pea-Gravel (6 mm dia.) 8.8567 
Silica sand (0.004 - O.4mm) 12.9410 
Second Gravel (30-60 mm) 1.5327 
Second Sand (0.028 - 0.8mm) 6.0000 
Table 4.14 Average surface areas 
4.6 Particle size distribution 
Particle size distribution (psd) is the distribution of the weight or volume of 
solid particles falling into different size ranges. This distribution gives the 
percentage of the total solids of all sizes in a sample. This distribution is 
probably the most important soil property as a lot of other properties depend 
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greatly on it. Soils with smaller particle sizes such as clays, possess large 
surface area, which influences soil-contaminant interactions "Yong, et al. 
(1992)". Hence, the amount of water or heavy metals adsorption in soil is a 
function of particle and pore size properties "Lu et al. (2004)". The 
conventional way of this analysis is by using sieves of different sizes, and the 
modem techniques include passage of samples through an electrically 
charged orifice. Mastersizer 2000, a product of Malvem Instruments was used 
to analyse the particle size distributions of the experimental sand and 
Lancaster sand. This technique uses laser diffraction system and is capable 
of measuring wet and dry soil samples. 
Figure 4.12 shows the particle size distribution of the experimental sand. It 
can be seen from this figure that the sand has particle sizes ranging from 
0.004 mm to 0.4 mm. It can be noticed that there was no clay fraction in the 
sand sample. 
Particle size distribution-Loughborough soil 
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Figure 4.12 Particle size distribution curve for experimental sand 
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Particle size distr"bution-Lancaster soil 
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Figure 4.13 Particle size distribution curve for second sand sample 
The smallest size starts from 0.004 mm, which is within silt fraction. 10 % of 
the total volume was silt, ranging from 0.004 mm to 0.063 mm. The remaining 
90 % of the total volume falls within sand fraction of 0.071 mm to 0.4 mm. 
The particle size distribution for the second sand sample is shown in Figure 
4.13. It can be seen from this figure that 1.3 % of the total volume of the sand 
was silt (ranging from 0.028mm to 0.063 mm), while the remaining 98.7 % 
was sand (ranging from 0.071 mm to 0.8 mm). 
4.7 Concluding remarks 
This chapter has presented the results of different control experiments 
conducted to serve as background levels for the main investigative studies in 
the present research. Column test results show that considerable quantities of 
metals were leached out of the 6 mm size gravel and 0.004 to 0.4 mm sized-
grain silty sand used in the main experiments. There was an average Iron 
content of 0.1 ppm soluble and 0.4 ppm total, which were 81% and 95.5% 
above the measured tap water value of 0.019 ppm. The tap water Iron content 
measured in this study was slightly above the expected value of 0.011 ppm as 
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reported by the water supplier of the area (Severn, 2007) but it was within the 
EU/UK's tolerable limit of 0.2 ppm. Most of the studied metals have shown 
higher values than the expected tap water limits, indicating their abundance in 
the experimental sand and gravel. 
In addition to the column experiment, batch adsorption test, permeability, 
surface area and particle size distribution measurements were also carried 
out on the experimental silty sand (0.004 to 0.4 mm) and gravel (6.0 mm) 
samples. The same measurements were also conducted on another set of 
gravel (30 to 60 mm) and sand (0.028 to 0.8 mm) introduced to this study 
from a similar on-going research in Lancaster. The two sets of gravel and 
sand were analysed and compared for similarities and differences. 
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Chapter Five: Results of corrosion assessments 
5.1 Introduction 
The results of the main investigation regarding external and internal corrosion 
. assessments of ductile Iron pipe sections are presented in this chapter. Two 
sets of experiments were conducted to assess both external and internal 
corrosion of the pipe sections. These experiments were run with soil/water 
contaminants, namely: Copper Nitrate Cu(N03)2, Chromium Nitrate Cr(N03)J, 
Nickel Sulphate NiS04 and Lead Nitrate Pb(N03)2. Metal concentrations from 
the effluent samples were the main items under investigation. Samples were. 
collected and monitored for soluble and total metal concentrations using an 
inductively coupled plasma (ICP) method of spectrophotometry. A total of 460 
samples were monitored. In the external corrosion assessment, metal 
concentrations were compared with the background levels deduced from 
column experiments conducted with the same sand and gravel. In total, each 
set of the four experiments was subjected to a hydraulic loading of 2.0 m3, 
representing three years rainfall. In the internal corrosion assessment, tap 
water was used as the background while the contaminants and method of 
analysis remained unchanged. Sample temperature, pH, turbidity, total 
dissolved solids (TDS), conductivity, redox potential, sulphate and carbon 
contents were also monitored in both cases for further information regarding 
the cationic-induced corrosion. The chapter is divided into two main parts. The 
first part explains the results of the external corrosion assessment, while the 
results of internal corrosion assessment are presented in the second part. In 
each of the two parts, four sets of results corresponding to the respective 
heavy metal contaminants are presented as separate sections. The general 
analysis in this study was carried out using a combination of Microsoft Excel 
and the statistical tool box of MatLab mathematical software (V6.5). The 
presented results are targeted to contribute to the knowledge of the 
interactions between heavy metals in sand and buried metallic objects, and 
hence to the understanding of the factors that influence metal movement in 
soil. A guide on the precision of the ICP machine for each of the metals used 
together with their calibration concentrations are summarised below. 
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• Chromium: X=0.9544C+3.1, S=0.0499X+4.4, calibration concentration, 
5.0 mg/l. 
• Copper: X=0.9297C-O.3, S = 0.0442X+2.85, calibration concentration, 
1.0 mg/l. 
• Iron: X=0.8829C+7.0, S=0.0683X+11.5, calibration concentration, 10.0 
mg/l. 
• Lead: X=0.9699C-2.2, S=0.0558X+7.0, calibration concentration, 10.0 
mg/l. 
• Manganese: X=0.9417C+0.13, S=0.0324X+0.88, calibration 
concentration, 2.0mg/l. 
• Nickel: X=0.9508C+0.4, S=0.0604X+4.4, calibration concentration, 2.0 
mg/l. 
• Silicon: X=0.5742C-35.6, SR=0.1987X+8.4, calibration concentration, 
21.4 mg/l. 
• Zinc: X=0.9356C-0.30, S=0.0914X+3.75, calibration concentration, 5.0 
mg/l. 
Where X is the mean recovery (J.l g/l), C is the true value (J.l g/l), S is the 
multi-laboratory standard deviation (J.l g/l) and SR is the single-analyyst 
standard deviation (J.l g/l). 
As mentioned in chapter four, the ICP machine was calibrated with mixed 
calibration solutions of the metals in each group (prepared from stock 
solutions) refer section 3.5.1. The calibration concentrations were set at 2.0, 
4.0, 6.0, 8.0 &10.0 ppm respectively. A recovery coefficient of approximately 
100% was obtained in each case. 
5.2 Results of external corrosion experiments 
This part presents the results of external corrosion assessment carried out 
with four different heavy metals namely; Copper (Cu), Chromium (Cr), Nickel 
(Ni) and Lead (Pb). Two sets of results are presented in each case; (1) the 
results obtained from samples collected at 10 am, and (2) other results 
obtained from samples collected at 4 pm. The difference between the two 
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samples is contained in section 3.3.13 and has been explained further in this 
chapter. 
5.2.1 Copper Nitrate Cu(N03h experiment 
In this section, the results of the first experiment with CU(N03h as a soil 
contaminant are presented and discussed relative to the background levels 
deduced from column experiments conducted with the same sand and gravel. 
The main graphs and tables are located within the text." All other relevant 
information can be found in the appendix. 
5.2.1.1 Iron content 
Figures 5.1 and 5.2 show running concentrations of Iron from this experiment. 
Figure 5.1 shows soluble Iron contents; Fe-1Oam, Fe-4pm and Fe(CTm) in 
the two leachates and the column samples respectively. The total Iron content 
in the three sets of samples can be seen in Figure 5.2. Error bars (calculated 
from the ICP precision formulae in section 5.1) are added to the Iron graphs to 
confirm instrument error not significant to the results. 
5.2.1.1.1 Soluble Iron content 
It can be seen from Figure 5.1 that Iron concentration in the first daily 
samples increased by about 0.015 ppm relative to a tap water value of 0.011 
ppm during the first spray. At the second spray, the concentration dropped 
towards the tap water value. It then fluctuated from 0.01 to 0.07 ppm before it 
finally dipped back to the background level at the end of the experiment. The 
second daily sample curve shows a similar trend with higher values to a 
magnitude of 4 folds. At the first spray the curve shows an Iron value of about 
0.07 ppm, it then rose to a value of 0.18 ppm within the first 5 days of spray. 
After day five, the curve took a similar pattern to that of the first daily samples 
curve in which Iron values fluctuated from a minimum value of 0.05 ppm to a 
maximum value of 0.22 ppm before it settled down at 0.075 ppm at the end of 
the experiment. 
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On'the other hand, the column curve shows significantly higher values of Iron 
ilt the beginning. This was the result of higher water velocity in the glass 
column and relatively lower pH values compared to the main experiment, 
Harmsen (1977) and Robinson (2002). Lower pH values influence metal 
leaching. It was also evident that the residence time of water in the box was 
longer than in the column and hence, this relates to water velocities in the two 
systems. The column curve shows a continuous decrease in the Iron value, 
indicating a change in the leaching rate with decreasing velocity. A common 
feature shown by the first and second daily samples curves was that they all 
ended with low values at the end of the experiment, signifying washing away 
of Iron in solution with diminishing Copper concentration in the sand as well 
as changes in velocity as also shown by the column curve. The relative 
position of the column curve was in-between the first and second daily 
samples curves, indicating an excess Iron in the second daily samples. 
Distinction between Iron values in the first and second daily samples could be 
attributed to the following reasons. 
1. Scaling factor. Although the two results have the same unit, the total 
volumes from which the samples were collected differed. Sample collection at 
4 pm was designed to correspond to a time when water drainage within the 
sand and gravel packs was still in progress. However, the first daily samples 
were collected a day after spraying. As discussed in chapter 3, irrigation took 
place approximately between the hours of 11 am and 3 pm. The hydraulic 
conductivity of the silica sand used in the experiment was measured as K = 
3.9242 X 10.5 m/s (section 4.4.2) and the cover depth used was 0.64 m 
(section 3.3.7). The soil porosity was calculated as 48.67% (Appendix A).This 
implies that the sprayed water required about 2.2 hours to travel through the 
depth of the sand pack. This also implies that at the start of each daily spray, 
the first drop of water at 11.00 am would reach the box reservoir at 1.12 pm. A 
drop of water at the end of the third hour (2.00 pm) would therefore get to the 
reservoir at 4.12 pm, which was around the 4 pm sample collection time. 
Practically, all the second daily samples were collected from effluent volumes 
of about 90 litres, resulting from the first 3 hours of irrigation at a rate of 0.5 
IImin (section 3.3.10), At the end of the day, the last water drop at 3.00 pm 
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would reach the reservoir at around 5.12 pm. This shows that all the first daily 
samples (collected the following day) were from a total effluent volume of 120 
litres, resulting from the entire 4 hour irrigation. 
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Figure 5.1 Soluble iron content from Cu(N03J. experiment 
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Figure 5.2 Total iron content from Cu(N03h experiment 
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2. Mixing of sample: During the experiments, the effluent in the box reservoir 
was mixed continuously by the dripping water from the sand, approximately 
between the hours of 3.30 and 8.00 pm. This implies that any sample 
collected after 3.30 pm would have been well mixed in the reservoir. In the 
case of the first daily samples, water drainage had presumably ended at 
around 8.00 pm and the whole volume was· stagnant at 10.00 am (the 
following morning). Considering the box setup, there was no means of mixing 
the total volume in the reservoir before the samples' were collected at 10.00 
am. It is a requirement that samples should be properly mixed before any 
measurement is taken (Mary et al. 2005). With this, the 4.00 pm samples 
therefore seem to be of a better representation of good sampling. 
3. Infiltration capacity: Water infiltration rate was higher at the start of each 
daily irrigation when the sand was dry with so much air in the voids. At the 
start of infiltration the wetting front exists near the ground level, the high 
matric head gradient at the wetting front gives rise to a high infiltration 
capacity (Miyazaki 2006). The amount of oxygen available in a soil is 
proportional to corrosion rate. With time when the sand gets wet the infiltration 
rate decreased and this greatly reduced the rate of washing of sand and 
gravel in the two systems. An increase in the flow rate reduces the thickness 
of hydrodynamic boundary layer of an object and therefore increases 
hydraulic gradient and corrosion possibilities (Robinson 2002). 
5.2.1.1.2 Total iron content 
Figure 5.2 shows invariably higher Iron concentrations from the three different 
sets of samples. The figure shows total Iron values from the 11th to 2ih 
November 2006, corresponding to the seventh day of irrigation through the 
end of the experiment. Sample digestion started during this period. It can be 
seen that the first daily curve shows an Iron value of 5.358 ppm at the first 
point, followed by a decrease to 4.648 ppm. From this point the value 
increased gradually to 7.852 ppm. There was an unexpected drop in Iron 
value to 5.46 ppm at the fifth point, which could be as a result of experimental 
errors as the point most likely deviated from the general pattern shown by the 
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second daily sample curve. The two curves distinctively show parabolic 
shapes, indicating an increase in Iron concentration with the amount of 
Copper in the sand at the start of the experiment and a later decrease with 
time. Iron concentration increased as it dissolved in material from the soil 
water and decreased when most of the Copper was flushed out of the sand. 
Although the soluble and total Iron contents in this experiment show similar 
patterns of rising at the start and falling at the end, the total Iron peaks were 
higher by a multiple of folds. This was the result of acid digestion carried out 
on the samples in order to reveal total cations entrapped on particulates. 
Modified total Iron content from the column experiment referred to as 
Fe(CTm) in the figures of this chapter, is firstly shown in Figure 5.2, ranging in 
value from 0.5 to 1.9 ppm. The totality of the column curve lied below the 
other two curves, indicating a great difference in Iron values between the box 
experiment and that of the column (which had only the washed gravel/sand as 
its source of iron). The source of this excess Iron in the main experiment 
could only be the pipe sections as the remaining fittings were non-metallic. 
The three curves finally ended at nearly the same point at the end of the two 
different experiments, indicating a dependency of metal movement on the 
characteristics of soil solution. Heavy metal solubility in soil may increase 
significantly by lowering pH value (Harmsen, 1977). This shows that the 
column's lower pH values of 5.4 to 6.5 (section 5.2.1.6.2) favoured metal 
leaching in the column. The range of pH in the column was lower than the 
sand pH of 6.8 to 7.5 in the main experiment and hence, this promoted more 
leaching of metals in the column than in the box experiment. 
5.2.1.2 Copper content 
5.2.1.2.1 Soluble Copper content 
Figures 5.3 and 5.4 show soluble and total Copper concentrations in the two 
leachate and column samples respectively. The total concentration includes 
soluble and insoluble concentrations of the Copper. The detection level of the 
ICP machine for Copper was 0.002 ppm and its average tap water content 
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was 0.05 ppm. It can be seen from Figure 5.3 that Copper was initially 
detected with concentrations of 0.0223 ppm in the first daily sample and 
0.018 ppm in the second daily sample, at the start of the experiment. The two 
curves then merged from irrigation day 3 to 6 with values ranging from 0.017 
to 0.018 ppm. The concentration of Copper in the sand solution suddenly 
went below the detection level of the ICP machine (which was 0.002 ppm) 
from day 7 through the end of the experiment. This is shown by the two 
curves, indicating a quite similar behaviour of Copper in the first and second 
daily samples. This was in agreement with McBride et al. (1997) & Sauve et 
al. (1998) who both reported that soluble Copper was best related to the total 
Copper and organic matter content in soil. This indicates Copper's good 
affinity for soil particles and organic matter content of the soil. The soil 
particles absorb part of the total Copper while the organic carbon carries the 
other part in soil solution. Organic carbon was high at the start of the 
experiment (section 5.2.1.6.6) and later dipped to the background level. There 
was a slight increase in pH value from start to finish of this experiment. The 
value of Copper decreased at the middle of the experiment that was at a point 
when the soil pH started to increase. The range of pH values close to neutral 
in this experiment could be the best explanation to this because Copper 
dissolves preferentially in lower pH values of about 5.5, Martinez et al. (2000) 
and Agbenin & Oloja (2004). Though the experimental sand was silty sand, 
the smaller soil fraction of about 10% (section 4.6) with surface area of 12.941 
m2/g (section 4.5.3) could also influence adsorption of Copper in the main 
experiment, Lu et al. (2004) and Yong, et al. (1992). 
The sudden decrease in Copper concentration brought about a suspicion that 
copper might have been absorbed by the gravel/sand or stuck on the pipe 
liner. At this point a column experiment was designed with acid-washed gravel 
through which a known concentration of Copper was flushed. On analysing 
the effluent sample, the results revealed a decrease in the Copper 
concentration with an increasing Iron content (above tap water level). This 
implies that the gravel absorbs Copper and releases Iron. Gravel composes of 
Calcium (Ca), Silica (Si), Aluminium (AI), Iron (Fe) and a little of other 
elements (Vega et aI., 2001). The added Copper ions engaged in an 
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exchange reaction with Iron ions. This might be important with laying pipes on 
gravel. In this case, the contaminant went down to form a reservoir of Copper 
in the gravel pack. It was at this juncture that the idea of acid digestion on 
samples was considered to determine whether dissolution and evaporation of 
particulates would expose more Copper in solution. The adsorption of Copper 
by gravel was found to follow the Freudlich isotherms with constants n = 0.625 
and k = 2.69 (section 4.3.3.1). Though the adsorption intensity was low having 
the value of n less than 1, the gravel was found to have a very good 
adsorption capacity with k>2, Apark et al. (1998). 
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The result of sand/gravel column test can also be seen in Figure 5.3. The 
column curve shows all Copper values higher than the values from the main 
experiment. This was a confirmation of Copper adsorption in the main 
experiment and this was mostly because of neutral pH. 
5.2.1.2.2 Total Copper content 
Acid digestion exposed more Copper ions in the last few samples of this 
experiment. The samples of day 7 (the start of digestion) to day 13 show no 
changes in the Copper values. The values remained negative (below 
detection limit). Any value that is below the ICP detection limit (positive or 
negative) is regarded as zero because it could not be analysed. The column 
curve shows total Copper concentration fluctuating in a quite similar manner 
with the soluble Copper in the column. This further confirms Copper 
absorption in the main experiment. Lowering the pH in the main experiment 
would have influenced the release of Copper from the sand/gravel and hence, 
this would have enriched the Iron content in solution. 
5.2.1.3 Chromium, Nickel and Lead contents 
Figures 5.5 and 5.6 show concentrations of soluble Chromium (Cr), Nickel 
(Ni) and lead (Pb) in the first and second daily samples respectively. The ICP 
sensitivity for these metals was 0.004, 0.005 and 0.025 ppm for Cr, Ni, and Pb 
respectively. Tap water contents for the three metals were 0.002, 0.007 and 0 
ppm respectively (Table 6.1). It can be seen from the two figures that all but 
two values of Chromium were below the detection limit of the spectrometry. 
This indicates low Chromium in the tested samples, as well as in the tap 
water. 
The concentrations of Nickel in the two figures fluctuated from 0.001 to 0.007 
ppm, indicating tap water (with a value of 0.007 ppm) as the only likely 
source. On the other hand, Lead values in the two figures ranged from -0.02 
to 0.02 ppm, indicating a noise on the two curves. Lead value in tap water 
was measured as 0 ppm. The results therefore confirm negligible 
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concentration of Lead in tap water, lower than the detection limit of the ICP 
machine, which was 0.025 ppm. The results in figures 5.5 & 5.6 are just noise 
around the ICP detection sensitivity. 
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5.2.1.4 Manganese and Zinc contents 
Figures 5.7 and 5.8 show the concentrations of Manganese (Mn) and Zinc 
(Zn) in the first and second daily samples. Tap water contents for Mn and Zn 
were 0.0026 and 0.025 ppm respectively. The sensitivity of the ICP machine 
was 0.001 and 0.002 ppm for Mn and Zn respectively. 
5.2.1.4.1 Soluble Manganese 
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Manganese concentration fluctuated from 0.001 to 0.03 ppm within the first 5 
days of irrigation. The two figures show that after day 5 the concentration of 
Mn normalised at a constant value of 0.001 ppm for the rest of the 
experiment. This value was within the expected tap water content. The 
values from column test (section 4.2.1.3) were much higher. T~is was as a 
result of higher water velocities in the glass column, which favoured metal 
leaching from materials. Another factor was Manganese's low solubility in high 
pH conditions that existed in the experimental box, Harmsen, (1977). 
5.2.1.4.2 Soluble Zinc 
Zinc is a quite soluble and volatile element which is common in stock in 
almost everywhere. Figures 5.7 and 5.8 show low concentration values of 
Zinc, ranging from 0.003 to 0.018 ppm. By relating these values to its tap 
water content, it would be noted that there was no leaching of Zn in the main 
experiment. The results of this experiment were less than the column result in 
section 4.2.1.3 by more than 10 times. 
The differences in Mn and Zn values between the main and column 
experiments could be attributed to the influence of flow velocity which was 
higher in the column than in the box, as well as their solubility in near neutral 
pH conditions. The initial values of Mn and Zn in Figures 5.7 and 5.8 confirm 
this. Water infiltration rate into the sand was higher at the start of the 
experiment and later decreased with time due to advancement in the wetting 
front of the sand, resulting in a negligible or no leaching of metals from 
materials. 
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5.2.1.5 Silicon and Sulphur contents 
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The experimental soil was Silica sand, as such leaching of Silica was 
expected from the box and column systems. Tap water values for Silica and 
Sulphur were measured as 2.014 and 32.47 ppm. The ICP machine's 
detection limit was 0.01 and 0.03 ppm for Silica and Sulphur respectively. 
Figure 5.9 shows Silica values ranging from 2.812 to 3.572 ppm in excess of 
about 70% relative to the tap water content. Figure 5.10 shows an excess of 
up to 90% relative to the tap water content. This excess amount of Silicon was 
believed to have come from the sand itself. The average concentration of 
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Silica from the column experiment was 3.7 ppm and hence, confirming the 
sand as the sole source of the Silica. 
5.2.1.5.2 Soluble Sulphur 
The two figures below show Sulphur contents as high as 280 and 70 ppm in 
the first and second daily samples at the start of the experiment. These 
values gradually decreased to an average tap water value of 30 ppm. The 
high Sulphur value at the start of the experiment might have originated from 
the gravel location (river gravel) or the sand. An amount of 280 ppm at the 
start was questionable and its sudden decrease suggested that the River 
Trent (the gravel origin) might be the source of the Sulphur. Excess Sulphur 
might also be absorbed from atmosphere during a washing process that was 
carried out on the gravel at the start of the experiment. 
·1 
1 
Solubl. Metsl Content from Cu(N03)2 Experirnent·10 em results 3=,-~~~~~~~~~~~~~~~~~~~~ 
1
_ Silicc," 1 
. _ Sulphur. 
250 
150 
100 
50 
05911106 12/11/06 19/11106 26/11106 03/12106 
Experiment Date 
Figure 5.9 Soluble Silicon and Sulphur at 10 am 
Soluble Metal Content from Cu(N03)2 Experiment-4 pm results 70,-~~~~~--------~~~~~~~~~~~ 
60 
50 
20 
10 
I I • I 1 I I I 1 
O~11106 12/11106 19/11106 
Experiment Date 
Figure 5.10 Soluble Silicon and Sulphur at 4 pm 
143 
-+- Silicon 
_ Sulphur 
26/11106 03/12106 
Chapter Five: Results of Corrosion Assessments 
5.2.1.6 Water quality determinants 
Water quality determinants namely; temperature, pH, conductivity, redox 
potential, total dissolved solutes (T05), turbidity, and organic and inorganic 
carbon contents were monitored in this experiment. The results are presented 
below. 
5.2.1.6.1 Temperature 
Figure 5.11 shows temperature readings in the two leachates and column 
samples. It can be seen that the first daily sample temperature fluctuated 
from 6 to 12°C in November 2006. The first 3 values were at 7 °C, after 
which the value rose significantly to 11 °C. After the fourth point, the curve 
shows a downward fluctuation to 6°C. It then picked-up gradually to a value 
of 10 °C. These are typical of temperatures in the UK. The second daily 
sample curve shows a quite similar trend with higher values by 1 to 2 °c as 
would be expected. 
The column experiment was conducted in the laboratory, as such the column 
curve shows laboratory room temperatures, Temp(CT), ranging from 13 to 18 
°C. Temperature influences corrosion through three principal factors namely; 
(a) the effect on oxygen regarding its solubility, (b) the effect on fluid viscosity 
in relation to hydrodynamic boundary layer and (c) the effect on the diffusion 
coefficient, Robinson (2002). 
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5.2.1.6.2 pH values 
Figure 5.12 shows that during this experiment all pH values were close to 
neutral, ranging from 7.1 to 7.3 in the first daily samples and from 6.8 to 7.5 
in the second daily samples: The column exhibited slightly lower pH values of 
5.4 to 6.5. This was as a result of acid washing, which was carried out on the 
gravel, coupled with the effect of high temperature that the column 
experienced. In general, the values of pH were mostly neutral and the three 
curves show a slight increase in the pH with a decrease in temperature from 
start to finish of the two experiments. Changes in temperature correlated 
inversely to changes in pH. 
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A study conducted by Etchebers (2007) has linked soil pH to weather 
conditions in which the pH varied inversely with temperature. An explanatory 
reason to this could be a reduction in biological activities in soil in low 
temperatures. This may include the production of C02, a weak acid in water 
that lowers soil pH though CO2 level was not measured in these experiments. 
5.2.1.6.3 Electrical conductivity 
Electrical conductivity is shown in Figure 5.13. Higher values of conductivity 
were recorded at the start of this experiment; 1950 IJS/cm in the first daily 
samples and 1800 IJS/cm in the second daily samples. 
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Conductivity readings from Cu(N03)2 Experiment 
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Figure 5.13 Electrical conductivity from Cu(N03h experiment 
These values dipped down significantly after few days of irrigation. The values 
later normalised close to a tap water value of 567 J..IS/cm (Severn, 2007). The 
results of the column experiment produced a similar curve to the curve of the 
main experiment with slightly lower values by 20 to 30 IJS/cm. The difference 
in conductivity of 420 (860 minus 440) IJS/cm between the maximum 860 
J..IS/cm and minimum 440 IJS/cm values in the column was due to sand/gravel 
washing at the beginning. 
The column results indicate that the significantly higher conductivity values at 
the beginning of the main experiment were due to contaminant loading 
(Etchebers, 2007). Soils with conductivity values greater than 500 J..IS/cm are 
capable of promoting metallic corrosion (Doyle, 2003). A safe range of soil 
resistivity was reported by Doyle as 2000 to 5000 ohm.cm, which corresponds 
to conductivity values of 200 to 500 IJS/cm. On comparing the total Iron graph 
in Figure 5.2 with Figure 5.13, it was interesting to note that there was a 
severe decrease in the total Iron concentrations on reaching the safe 
conductivity zone. 
5.2.1.6.4 Redox potential 
The values of redox potential in the Copper Nitrate experiment are shown in 
Figure 5.14. These values ranged between 190 and 285 mV in the first daily 
samples with an average of 252 mV and between 241.9 and 291.8 mV in the 
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second daily samples with an average of 269 mV. The values from the 
column experiment were within a close range near a background (tap water) 
value of 190 mV. The background level represents oxygen saturation 
(oxidation potential) at a depth close to 1.0 m. Changes in redox potential 
depend on factors such as oxygen saturation and the influence of nitrates, 
Robinson (2002). An additional nitrate was introduced into the sand as 
CU(N03)2. The figure shows a slight decrease in the redox potential values 
with contaminant washing. 
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Figure 5.14 Redox potential from Cu(N03h experiment 
5.2.1.6.5 Total dissolved solids (TDS) and Sulphate content 
It can be seen from Figure 5.15 that the value of TDS was more than 1000 
ppm at the start of the experiment, in both samples. This was the result of 
particles washing in the sand/gravel produced by high flow velocity at the 
beginning of the experiment, as would be expected. The two curves then 
dipped close to a background value of 220 ppm and merged with the column 
curve from the middle of the experiment to its end. 
Sulphate content was also high to a value of about 400 ppm at the start of the 
main and column experiments. The value then dropped to around 100 ppm in 
both cases. Though an independent measurement of Sulphur on the gravel 
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was not carried out, its initial high concentrations which later diminished might 
result from the gravel origin (River Trent in Leicestershire, UK). 
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5.2.1.6.6 Turbidity 
Figure 5.17 shows turbidity values in the two sets of experiments. In all cases, 
the values were greater than 1.0 NTU, indicating particulates washing from 
the gravel and sand. The recommended value for turbidity in tap (drinking) 
water is less than 1 (WHO, 2004). The protocol of the ICP machine used in 
the analysis of this research was that any sample with a turbidity value greater 
than 1 has to be digested in order to reveal total metal contents. As such all 
the samples in this research required acid digestion in order to analyse their 
total metal contents. 
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Turbidity values from Cu(N03)2 Experiment 
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Figure 5.17 Sample turbidity from Cu(N03h experiment 
5.2.1.6.7 Carbon contents 
Inorgariic and total organic Carbon contents are shown in Figures 5.18 and 
5.19. The values of inorganic Carbon (IC) in the main experiment were in the 
range of 16 to 25 ppm. However, the values in the column experiment were 
as low as 0 to 10 ppm. On comparing these values with a tap water inorganic 
Carbon (background) value of approximately 30 ppm, it was noted that there 
was a gas exchange between Carbon dioxide (C02) and Carbonate (C03") 
taking place in the sand and gravel packs. This was also noticed in the 
column and hence, it was confirmed by the slight increase in the pH values in 
both cases. At times when it rains, the water entering the soil displaces soil air 
by forcing it out to the surroundings. At other times when there is no rain, 
. atmospheric air is adsorbed into the soil to balance the soil's Oxygen demand. 
The same circle is repeated due to temperature changes. Warm temperatures 
cause the soil air to expand and releases Oxygen, whereas cool temperatures 
cause the soil air to contract and adsorbs Oxygen from the atmosphere. 
Carbon dioxide in soil therefore exchanges volume space with Oxygen within 
the soil voids. A release of Oxygen increases the level of CO2 in soil and an 
adsorption of Oxygen into the soil causes a reduction of the CO2. The 
expelled C02 in this study reacted with Inorganic Carbon and Oxygen and 
formed Carbonates (C03') in the soil. 
149 
Chapter Five: Results of Corrosion Assessments 
Total organic carbon (TOC) content in the first daily samples was slightly 
above a tap water content of approximately 3.0 ppm (measured in this 
research), which later reduced to the background value. The second daily 
samples indicated a wide range of TOC values (5 to 47 ppm). The highest 
values were at the start of the experiment with a difference of up to 37 ppm 
between the second daily sample and other two sets of samples. This could 
result from leaching of organic matter from the box and/or pipe lining through 
some fatigue which developed with contaminant loading. 
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150 
Chapter Five: Results of Corrosion Assessments 
5.2.2 Chromium Nitrate Cr(N03h experiment 
This section presents the results of the second experiment carried out with 
Cr(N03h as soil contaminant. The results are discussed relative to the 
background levels deduced from column experiments. The main graphs and 
tables are presented within the text and other relevant information are in the 
appendix. 
5.2.2.1 Iron content 
Two different Iron concentrations are shown in Figures 5.20 and 5.21. Figure 
5.20 shows soluble Iron contents; Fe-10am, Fe-4pm and Fe(CTm) in the two 
leachates and column samples respectively. Total Iron content in the three 
sets of samples are shown in Figure 5.21. Error bars (calculated from the ICP 
precision formulae in section 5.1) are added to the Iron graphs to confirm 
instrument error not significant to the results. 
5.2.2.1.1 Soluble Iron content 
It can be seen from Figure 5.20 that soluble iron concentration in the first daily 
samples has shown an initial rise to a value of 0.064 ppm at the start of the 
experiment. This value was 53% higher than the initial value of 0.03 ppm in 
the CU(N03)2 experiment and 83% higher than the tap water content (0.011 
ppm) in that area. The Iron content rose to 0.07 ppm at the second spray and 
subsequently decreased to 0.05 ppm. The curve continued to fluctuate within 
a range of 0.03 to 0.08 ppm, averaging to a value of 0.06 ppm. The second 
daily sample curve shows an increasing trend in Iron value. It started with a 
value of 0.078 ppm around a point where the CU(N03h experiment ended. 
The value then decreased to 0.0064 ppm before it picked up a higher value of 
0.0565 ppm. The majority of the points on this curve fluctuated between 0.06 
and 0.26 ppm, indicating higher values more than the first daily samples. This 
was evidence of mixing, velocity and scaling effects on the second daily 
samples as described in section 5.2.1.1. 
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On the other hand, the column curve shows significantly higher values of Iron 
within the first 5 days of spraying. This could be as a result of higher water 
velocity at the start of the column test, as well as a shorter water retention 
time in the glass column relative to the experimental box. The column curve 
then dropped to a position below the second daily sample curve, indicating an 
excess Iron in the second daily samples, which was external to the 
sand/gravel. in both systems. The distinction in Iron values between the 
column and second daily results can be clearly seen in Figure 5.20. 
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Figure 5.21 Total iron content from Cr(N03b experiment 
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5.2.2.1.2 Total Iron content 
Figure 5.21 shows total concentrations of Iron in the two leachates and 
column samples. It can be seen in this figure that the three curves show 
similarities to the soluble Iron curves in Figure 5.20. This was in the sense 
that they all show relatively positive slopes. In all the three cases, the total 
Iron concentrations were greater than the soluble contents. The content of 
Iron in the first daily samples ranged from 0.15 to 0.9 ppm. The second daily 
samples show a range of 0.2 to 1.15 ppm. While the column results were in 
the range of 0.18 to 0.68 ppm, lower than the second daily results. If there 
was no other source of Iron in the box experiment, the column curve would 
have been higher than the other two curves in all cases. This was because of 
the temperature and hydrodynamic advantages that the column experienced 
over the box. A high temperature enhances biological activities that lower soil 
pH and hence, promotes more leaching of metals from materials. 
5.2.2.2 Chromium content 
5.2.2.2.1 Soluble Chromium content 
Figures 5.22 and 5.23 show the soluble and total concentrations of Chromium 
in the two leachates and column samples respectively. It can be seen in 
Figure 5.2.3 that Chromium appeared in the first daily samples with a value of 
0.06 ppm, as would be expected because of its dosing. Chromium was absent 
in nearly all the samples in the first experiment. This was because of its low 
value in tap water and its minimal leaching from the materials used in the 
experiment. Chromium value decreased gradually to 0.01 ppm through the 
first 7 days of spraying. It then picked up a higher value of 0.022 ppm and 
later fluctuated within a range of 0.007 to 0.022 ppm. The changes in the 
Chromium concentrations depend on factors such as, solubility of the Chrome 
in soil, amount of air entering the system in between irrigation flushes, and 
other changes in the environment. The second daily sample curve shows a 
value of 0.023 ppm at the beginning of this experiment. The value then 
ascended gradually to 0.03 ppm with falls at two points towards the end of the 
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experiment. In general, the second daily results were higher than the first 
daily result s by 2 folds at the majority of the points. Interestingly, the results 
of the column experiment show negative values throughout the experiment. 
This further confirms the absence of Chromium in tap water, sand and the 
gravel used in this experiment. In spite of the magnitude of the column 
velocity, there was no leaching of Chromium from materials. 
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Figure 5.23 Total Chromium content from Cr(NO,h experiment 
Total Chromium concentrations in the three sets of samples are shown in 
Figure 5.23. The three curves were duplicates of the soluble Chromium 
curves, with higher values as would be expected. Digestion did not change 
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the Chromium values in the column experiment. These values remained 
negative throughout the experiment. The end values of Chromium in the two 
figures show a likelihood of continuity should there be more spraying. 
Therefore, more Chromium ions would be expected to appear in subsequent 
samples. 
5.2.2.3 Copper, Nickel and Lead contents 
Figures 5.24 to 5.27 show the concentrations of soluble and total Copper 
(Cu), Nickel (Ni) and lead (Pb) in the first and second daily samples. From 
section 4.2.1.2, the sensitivity of the ICP machine used was 0.002, 0.005 and 
0.025 ppm for Cu, Ni, and Pb. Their tap water values were 0.03, 0.007 and 0 
ppm respectively (Table 6.1). In addition, Copper disappeared in the previous 
samples, despite its dosing in the first experiment. This was attributed to its 
good affinity for sand and gravel particles. The surface areas of the sand and 
gravel were measured as 12.941 and 8.8567 m2/g respectively. Surprisingly, 
Figures 5.24 to 5.27 show a significant amount of Copper in solution (above 
the tap water value) at the majority of the points. This was likely to be an ionic 
exchange reaction between Copper and Chromium on the surfaces of the 
sand and gravel. Chromium (VI) is reduced to Cr (Ill) and the Copper is 
oxidised Cu (11) and dissolved to give a mixture of Chromium-Copper in 
solution (Rajeshwar et al. 1997). 
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Figure 5.24 Soluble Copper, Nickel and Lead at 10 am 
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The four figures show Nickel concentration as negative, indicating its 
negligible value in the entire experiment. On the other hand, Lead 
concentration in the four figures ranged between -0.02 and 0.02 ppm, 
indicating a noise on the curves. Lead level in tap water was measured as 0 
ppm. The results therefore confirm the negligible concentration of Lead in tap 
water, lower than the detection limit of the ICP machine (0.025 ppm). 
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Figure 5.27 Total Copper, Nickel and Lead at 4 pm 
5.2.2.4 Manganese and Zinc contents 
Figures 5.28 to 5.31 show the soluble and total concentrations of Manganese 
(Mn) and Zinc (Zn) in the first and second daily samples. Tap water values for 
Mn and Zn were 0.0026 and 0.025 ppm respectively. The sensitivity of the 
ICP machine was 0.001 and 0.002 ppm for Mn and Zn respectively. 
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Figure 5.28 Soluble Mn and Zn from Cr(N03h experiment. 10 am results 
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Soluble Metal Content from Cr(N03)3 Experiment-4 pm results 
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Figure 5.29 Soluble Mn and Zn from Cr{N03h experiment- 4 pm results 
5.2.2.4.1 Soluble Manganese 
14101/07 
Figure 5.28 shows soluble concentrations of Manganese in the first daily 
samples. The value fluctuated from 0.0028 to 0.0092 ppm, averaging to a 
value of 0.0061 ppm. The second daily soluble concentrations are shown in 
Figure 5.29. In this case the concentrations ranged from 0.0007 to 0.0181 
ppm with an average value of 0.01116 ppm. The two average values were 
both higher than the tap water value of 0.0026 ppm but lower than the 
average value from the column experiment (0.1 ppm) as reported in section 
4.2.1.3. This indicates a leaching of Manganese from the sand/gravel 
materials. The difference in concentration between the box and column 
experiments was due to the differences in temperature and velocity in the two 
systems. There was a noticeable enrichment of Manganese in the second 
daily samples in this experiment when compared with the Copper Nitrate 
experiment in which the average values were 0.0061 and 0.002 ppm in the 
first and second daily samples respectively. This shows that the introduction 
of Cr(N03h at the second stage of the experiments had enhanced the 
leaching of Manganese in the box experiment. 
5.2.2.4.2 Soluble Zinc 
Zinc is an abundant element found in common stock in many places 
(Harmsen, 1977). It has a very good solubility and this helps its distribution in 
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different environments. Figures 5.28 and 5.29 show soluble concentrations of 
Zinc ranging from 0.0277 to 0.1047 with an average value of 0.0467 ppm in 
the first daily samples, and from 0.0197 to 0.107 with an average value of 
0.0560 ppm in the second daily samples. In both cases, the average 
concentrations have doubled its tap water value of 0.025 ppm. This indicates 
an enrichment of Zinc in this experiment when compared with the Copper 
Nitrate experiment in which the average values were 0.0085 and 0.0071 ppm 
in the first and second daily samples respectively. 
5.2.2.4.3 Total Manganese and Zinc 
The total concentrations of Manganese were similar to the soluble values as 
shown in Figures 5.30 and 5.31. The only change was in the total Zinc 
concentrations where the values were slightly higher than the soluble 
concentrations as a result of acid digestion. 
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Figure 5.30 Total Mn and Zn from Cr(N03h experiment-10 am results 
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Total Metal Content from Cr(N03)3 Experiment-4 pm results 
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Figure 5.31 Total Mn and Zn from Cr(N03), experiment- 4 pm results 
5.2.2.5 Silicon and Sulphur contents 
14101107 
Figures 5.32 to 5.35 show the soluble and total concentrations of Silicon and 
-Sulphur in this experiment. Tap water values for the two metals were 2.014 
and 32.47 ppm and the ICP detection limits for the two metals were 0.01 and 
0.03 ppm respectively. The experimental sand was Silica sand, therefore a 
leaching of Silica was expected from both experiments, as explained in 
section 5.2.1.5. 
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5.2.2.5.1 Silicon content 
The four figures show considerably the same concentrations of Silica, ranging 
from 2.117 to 9.423 ppm with an average value of 5.0 ppm in each case. The 
average concentration was more than doubled a measured tap water value of 
2.014 ppm. The value was also higher than the average value of 3.7 ppm in 
the column experiment. This indicates a significant leaching of Silica from the 
sand as a result of contaminant (Cr(N03h) loading. The results also show 
more leaching of Silica in this experiment than was the case in the Copper 
Nitrate experiment where the range was from 2.812 to 3.572 ppm. 
5.2.2.5.2 Sulphur content 
It would be recalled that there was a high concentration of Sulphur at the 
beginning of the first experiment. This was suspected to have come from the 
gravel that originated from the River Trent in Leicestershire and probably the 
Sulphur was picked-up from the atmosphere during gravel washing at the 
beginning of the first experiment. The values eventually decreased to an 
average tap water value of 30 ppm, which also equalled the value from the 
column experiment. In this experiment, the concentration of Sulphur was 
slightly higher than the background level. The average soluble values were 34 
and 36 ppm in the first and second daily samples (Figures 5.32 and 5.33). 
Digestion process had in this case, reduced the amount of total Sulphur to 22 
ppm in both cases (Figures 5.34 and 5.35), indicating that the Sulphur was 
soluble in the experiment. 
5.2.2.6 Water quality determinants 
Water quality determinants namely; temperature, pH, conductivity, redox 
potential, total dissolved solutes (TDS), turbidity, and organic and inorganic 
carbon contents were monitored in this experiment and the results are 
presented below. 
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5.2.2.6.1 Temperature 
Figure 5.36 shows temperature readings in the two leachates and column 
samples. The three curves show an increasing temperature trend from start to 
finish of the two experiments conducted from 17/12/06 to 14/01/07. The first 
daily sample temperatures started from 4 °c and fluctuated between this 
value and 12 QC throughout the experiment. The second daily sample 
temperatures were recorded as 4.5 °c at the start and later fluctuated 
between 4.5 QC and 12.8 °c with most points higher than the first daily 
sample temperatures as would be expected. Column temperatures were 
monitored to range between 14.5 and 17.6 °C. These were significantly 
higher than the main experimental temperatures. Higher temperature 
promotes soil activities that enhances more leaching from materials. 
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Figure 5.36 Temperature readings from Cr(N03h experiment 
5.2.2.6.2 pH values 
14101107 
Like in the first experiment, Figure 5.37 shows p,:-! values close to neutral, 
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ranging from 6.9 to 7.3 in the two sets of samples. The column pH values 
were in the range of 6.2 to 7.0, slightly higher than the results of the first 
experiment. The second daily and column curves show mild negative slopes, 
indicating a decrease in the pH values with increasing temperatures (section 
5.2.2.6.1). This was in agreement with Etchebers (2007), a study that linked 
pH inversely to temperature. Whereas, the first daily sample curve 
contradicted Etchebers' study by showing a mild positive slope, indicating a 
direct relationship with the temperature. 
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Figure 5.37 pH readings from Cr(N03h experiment 
5.2.2.6.3 Electrical conductivity 
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Electrical conductivity is shown in Figure 5.38. Like in the first experiment, 
higher values of conductivity were monitored at the point of contaminant 
loading (Etchebers, 2007); 1160 IJS/cm in the first daily sample and 590 
IJS/cm in the second daily samples. The values then dropped to an average 
value close to a tap water (background) value of 440 IJS/cm as measured in 
this study. 
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Conductivity readings from Cr(N03)3 Experiment 
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Figure 5.38 Electrical conductivity from Cr(N03h experiment 
The results of the first experiment with Cu(N03h agreed with Doyle (2003) 
with regards to corrosive soils. In this experiment, higher Iron values spanned 
across the entire conductivity safety zone. This makes the corrosion of ductile 
Iron pipe different in Copper and Chromium contaminated soils. 
5.2.2.6.4 Redox potential 
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Figure 5.39 Redox potential from Cr(N03h experiment 
It can be seen from Figure 5.39 that redox potential readings started with 
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values of 234 and 223.4 mV in the first and second daily samples 
respectively. These values were approximately the same as the last redox 
potential values in the first experiment. At the start of Chromium dissolution 
the values of redox potential dropped to an average value of 123 mV in the 
first daily samples and 120 mV in the second daily samples. Figure 5.39 
shows the two curves laying below the column curve as was the case in the 
first experiment. Though there was a drop in redox potential values in the 
column experiment, the change in values was significantly small. The average 
value in the column was 173.5 mV, slightly lower than the average value in 
the first experiment, which was 190 mV. The three curves show higher values 
at the start of the experiments and later decreased with contaminant washing. 
S.2.2.6.S.Total dissolved solids (TDS) and Sulphate content 
Initial values of TDS in Figure 5.40 were 640 and 320 ppm in the first and 
second daily samples respectively. The two curves dropped to an average 
value close to background level of 220 ppm at a later stage of the experiment. 
The column results were low at the beginning but later rose and merged with 
the other two curves. The total dissolved solids and conductivity curves show 
some similarities in the first and this experiments. The likely reason for that 
was that the two sets of results are greatly dependent on leaching of materials 
from the sand and gravel. 
166 
650 
600 
550 
500 
E 
.e: 450 
c 
0 
.~ 400 
E 
m 350 w c 
0 
'-' 
300 
250 
200 
17912106 
Chapter Five: Results of Corrosion Assessments 
Total dissolved solids from Cr(N03)3 Experiment 
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Figure 5.40 Total dissolved solids (TDS) from Cr(N03h experiment 
Figure 5.41 shows a reduction in Sulphate content when compared with the 
first experiment. The three sets of results in this figure were scattered across 
the periods of the two experiments. Sulphur content in this experiment was 
generally lower than the content in the Cu(N03h experiment. This confirms 
the assumption that the initial high values in the Cu(N03h experiment 
originated from the gravel's location (River Trent). 
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Figure 5.41 Sulphate content from Cr(N03h experiment 
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5.2.2.6.6 Turbidity 
Figure 5.42 shows turbidity values in the main and column experiments. The 
values in the second daily samples were extremely high and this was as a 
result of mixing of samples in the gravel pack, as well as washing of sand 
particles as a result of high velocity at the start of each irrigation. Higher 
turbidity values might also result from the traces of gum that were seen in the 
early samples of this experiment. This was also suspected to have raised the 
total organic carbon (TOC) content in section 5.2.2.6.7. The column results 
were lower than the results of the main experiment. These values were more 
than the recommended drinking water value of less than 1.0 NTU (WHO, 
2004). The results from this experiment indicate biological and geochemical 
activities taking place in the sand as a result of contaminant. Consequently, all 
the samples required acid digestion in order to reveal total metal contents. 
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Figure 5.42 Sample turbidity from Cr{N03h experiment 
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5.2.2.6.7 Carbon contents 
InorganiC Carbon content from Cr(N03)3 Experiment 
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Figure 5.43 Inorganic carbon (IC) from Cr(N03h experiment 
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The values of inorganic carbon (IC) and total organic carbon (TOC) in this 
experiment are shown in Figures 5.43 and 5.44. The values of inorganic 
Carbon ranged between 1.24 and 13.99 ppm in the first daily samples, and 
between 4.12 and 17.63 ppm in the second daily samples. There was a drop 
in inorganic Carbon content from the first experiment with CU(N03l2. The 
column results show much lower values in the range of 0 to 8.41 ppm. The 
entire results were below the expected tap water value of 30 ppm and hence, 
indicate gas exchange of carbon dioxide (C02) to carbonate (C03') taking 
place in the sand. The level of CO2 depends on the amount of soil Oxygen 
entering or leaving the system at any given time and this in turn controls the 
amount of IC in solution as described in section 5.2.1.6.7. 
The values of total organic carbon (TOG) ranged between 8.48 and 33.51 
ppm in the first daily samples, and between 32.09 and 91.51 ppm in the 
second daily samples. These values were much higher than the results of the 
first experiment. The column results ranged between 4.49 and 11.68 ppm and 
the tap water content was measured as 3.0 ppm in this study. The results of 
the column experiment indicate leaching of TOe from the sand with values 
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above 3.0 ppm. 
The rapid increase in turbidity values and the total organic carbon (TOC) 
between the first and this experiments could be as a result of two reasons; (1) 
on the commencement of the second experiment with Chromium dose, 
samples came out with traces of gum that was used to correct water leakage 
before the start of that experiment, the gum might have raised the organic 
carbon content, as well as the turbidity both of which died away towards the 
end of the experiment, and (2) there could also be leaching of organic matter. 
from the box and/or pipe lining through some fatigue which developed during 
the second experiment. 
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Figure 5.44 Total organic carbon (TOC) from Cr(N03h experiment 
5.2.3 Nickel sulphate (NiS04) experiment 
This section presents the results of the third experiment with NiS04 as soil 
contaminant. The results are discussed relative to the background levels 
deduced from column experiments. The main graphs and tables are 
presented within the text and all other relevant information are in the 
appendix. 
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5.2.3.1 Iron content 
Two different Iron concentrations are shown in Figures 5.45 and 5.46. Figure 
5.45 shows soluble Iron contents; Fe-1Oarn, Fe-4pm and Fe(CT) in the 10am, 
second daily and column samples respectively. While total Iron contents in the 
three sets of samples are shown in Figure 5.46. Error bars (calculated from 
the ICP precision formulae in section 5.1) are added to the Iron graphs to 
confirm instrument error not significant to the results. 
5.2.3.1.1 Soluble Iron content 
There was an increase in Iron value in the first daily samples (Figure 5.45) 
from a value of 0.07 ppm at the end of the second experiment to a value of 
0.16 ppm during the first irrigation in this experiment. At the second irrigation, 
Iron content doubled to a value of 0.32 ppm before dropping to 0.035 ppm. 
After that the value continued to fluctuate within a range of 0.027 to 0.18 ppm. 
The second daily curve started with a value of 0.17 ppm close to the last 
value of the second experiment (0.21 ppm). The value then increased to 0.31 
ppm at the third irrigation and later fluctuated within a range of 0.104 to 0.634 
ppm throughout the remaining parts of this experiment. The fluctuations in 
Iron concentrations depend on factors such as the amount of the reactant 
exchanging with the Iron, solubility of the reactant and the amount of Oxygen 
in the soil voids. In general, average values of the two results were 0.082 and 
0.263 ppm in the first and second daily samples respectively. This shows an 
increase in the average soluble Iron contents compared with values of 0.031 
and 0.122 ppm in the CU(N03)2 experiment and values of 0.058 and 0.133 
ppm in the Cr(N03h experiment. This also shows a combined effect of the 
three contaminants in the system. Average Iron concentrations increased 
continually from the first to this experiment. 
The column curve on the other hand, shows more or less constant values of 
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soluble Iron with an average of 0.125 ppm. The average value fell in between 
the first and second daily average values, indicating an excess Iron in the 
second daily samples as was the case in the previous experiments. The 
difference in Iron values between the first and second daily samples results 
was as the result of sample scaling, mixing and velocity effects as discussed 
in section 5.2.1.1. 
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Figure 5.46 Total iron content from NiSO. experiment 
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5.2.3.1.2 Total Iron content 
The three curves of total Iron in Figure 5.46 were identical to the soluble Iron 
curves, though with higher values of up to three folds. The average values of 
the total Iron from the three sets of results were 0.319, 0.809 and 0.483 ppm 
for the two leachates and column respectively. It can be seen that the general 
characteristics of the soluble and total Iron curves remain more or less the 
same, apart from the increase in total Iron values. 
5.2.3.2 Nickel content 
5.2.3.2.1 Soluble Nickel content 
Figures 5.47 and 5.48 show soluble and total Nickel concentrations in the two 
leachates and column samples respectively. The tap water value for Nickel 
was measured in this study as 0.007 ppm and its detection limit of the ICP 
machine was 0.005 ppm. 
The detected concentrations of Nickel in the first experiment (with (CuN03)2) 
ranged between 0.001 and 0.007 ppm, indicating the tap water as the only 
likely source. Nickel concentration was zero in the second experiment (with 
Cr(N03h). As would be expected, this experiment has shown considerable 
Nickel ions in the samples. Figure 5.47 shows a value of 0.0065 ppm in the 
first daily samples at the first irrigation. Immediately at the second irrigation, 
the concentration rose to 7.092 ppm, indicating an instant dissolution of the 
added Nickel. This shows that Nickel has a very good aqueous solubility and 
it was entirely mobile in the sand. The amount of Nickel dosed on the topsoil 
(of mass 820.5 kg) was 68.922 grams. The total hydraulic loading throughout 
the experiment was 1800 litres (120 litres times 15 days). Assuming that there 
was no adsorption of Nickel by the sand and gravel, the expected total 
concentration of Nickel in solution would have been 38.29 ppm. A value of 
7.092 ppm from one irrigation (of 120 litres) was an indication of its good 
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solubility. Nickel later dipped to a value of 1.352 ppm at the third irrigation and 
gradually decreased to a lower value of 0.2183 ppm at the end of the 
experiment. This would be expected because of its free movement in the 
sand. The second daily result shows Nickel concentration ranging between 
0.2008 and 0.6273 ppm. The two sets of results merged from irrigation day 5 
to the end of the experiment. The range of the column results was 0.0085 to 
0.0132 ppm, averaging to 0.0107 ppm. This confirms a very low value of 
Nickel in tap water and the materials used (sand and gravel) .. 
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5.2.3.2.2 Total Nickel content 
Total concentrations of Nickel in the three sets of results are shown in Figure 
5.48. The total Nickel cUlVes were identical to the soluble Nickel cUlVes with a 
slight loss in the total values that occurred during digestion process. Having 
higher soluble values of Nickel than its total values is yet another indication of 
its good solubility in aqueous solution. 
5.2.3.3 Copper, Chromium and Lead contents 
The concentrations of soluble Copper (Cu), Chromium (Cr) and lead (Pb) in 
the first and second daily samples are shown in Figures 5.49 and 5.50. 
Whereas, Figures 5.51 and 5.52 show total concentrations of these metals. 
Average Copper concentrations from the second experiment (with Cr(N03h) 
was 0.0264 and 0.0303 ppm soluble and 0.0226 and 0.0267 ppmtotal in the 
first and second daily samples respectively. The average Copper 
concentration in this experiment was found to be 0.0122 and 0.024 ppm 
soluble and 0.0074 and 0.01 ppm total in the first and second daily samples 
respectively. These results indicate a decrease in Copper values from the 
second to the present experiments. This would be expected because of 
Copper flushing through irrigation. The detected values of Copper could also 
be from the tap water because all the values were within the expected tap 
water content. 
The end values of Chromium in the second experiment (with Cr(N03h) were 
0.0151 and 0.023 ppm soluble and 0.0909 and 0.0881 ppm total in the first 
and second daily samples respectively. In this experiment, Chromium started 
with values of 0.02 and 0.0135 ppm soluble and 0.0122 and 0.0066 ppm total 
in the first and second daily samples respectively. This is shown in Figures 
5.49 to 5.52. A tap water value of Chromium was measured in this study as 
0.002 ppm. The results show that all the detected values were above the tap 
water content, indicating a release of more Chromium ions by the sand. The 
experiment ended with average values of 0.0025 and 0.015 ppm soluble and -
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0.0023 and 0.0128 ppm total in the first and second daily samples 
respectively. On the other hand, Lead concentrations in the four figures 
averaged to 0 ppm, confirming the value measured in tap water which was 
also 0 ppm. 
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Figures 5.53 to 5.56 show soluble and total concentrations of Manganese 
(Mn) and Zinc (Zn) in the first and second daily samples. Their tap water 
contents were measured as 0.0026 and 0.025 ppm and their detection limit of 
the ICP machine was 0.001 and 0.002 ppm for Mn and Zn respectively. 
5.2.3.4.1 Soluble Manganese and Zinc 
Figure 5.53 shows soluble Manganese in the first daily samples. The 
concentration started with a value of 0.0075 ppm, slightly above the last value 
in the previous experiment (0.0061 ppm). Manganese value then dropped to 
0.0015 ppm, giving an average value of 0.0036 ppm for the experiment. This 
average value was lower than the average value in the Cr(N03h experiment 
(0.006 ppm). The second daily samples show similar results with the first 
value (0.011 ppm), also lower than the last value in Cr(N03h experiment, 
which was 0.0131 pm. The average value of the second daily samples 
(0.0102 ppm) was lower than the average in Cr(N03h experiment which was 
0.0112 ppm. All the results show Manganese values higher than the 
measured tap water content (0.0026 ppm), indicating a leaching of 
Manganese from the sand/gravel. The results of the column test presented in 
chapter 4 revealed an average value of 0.1 ppm. The difference in values 
between this experiment and the column test could as well be the result of 
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higher temperature and velocity in the column which favoured leaching of 
materials. 
Figures 5.53 and 5.54 show soluble concentration of Zinc ranging from 0.0144 
to 0.140 (averaged to 0.0451) ppm in the first daily samples, and from 
0.0349 to 0.1058 (averaged to 0.0638) ppm in the second daily samples. In 
both cases, the average concentrations were higher than the tap water value 
of 0.025 ppm. The average values were more or less similar to the average 
values obtained in the previous experiment, indicating a constant leaching of 
Zinc with different loadings of contaminants. 
5.2.3.4.2 Total Manganese and Zinc 
Average total concentrations of Manganese was 0.0102 ppm in the first daily 
samples and 0.0112 ppm in the second daily samples .. Both values were 
higher than the tap water content, indicating a leaching of Manganese from 
the silica sand. The average total Zinc concentration has tripled the average 
values in the previous experiment as well as soluble values in this experiment. 
The digestion process has revealed more Zn ions in solution, indicating an 
enrichment of Zinc in this experiment. 
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5.2.3.5 Silicon and Sulphur content 
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Figures 5.57 to 5.60 show soluble and total Silicon and Sulphur contents from 
this experiment. Tap water values for the two metais were measured as 2.014 
and 32.47 ppm and the IGP detection limit was 0.01 and 0.03 ppm for Silicon 
and Sulphur respectively. 
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5.2.3.5.1 Silicon content 
Silica concentration dropped significantly in this experiment. Soluble values 
ranged from 1.817 to 2.35 (averaged to 1.962) ppm in the first daily samples 
and 3.821 to 4.032 (averaged to 3.466) ppm in the second daily samples. 
Total concentrations were slightly higher with average values of 3.914 and 
4.135 ppm in the first and second daily samples respectively. The average 
values were close to the column content of 3.7 ppm, despite the differences in 
temperature and velocity. 
5.2.3.5.2 Sulphur content 
The loading of NiS04 as soil contaminant in this experiment raised the level of 
Sulphur from 45 ppm at the end of the second experiment to a value of 180.2 
ppm in the first daily samples, at the second irrigation. This was expected 
because of the added sulphate into the system. The value then dropped to 
87.46 ppm and down to 41.23 ppm at the end of the experiment. It would be 
recalled that Sulphur concentration was high at the beginning of the first 
experiment which was believed to have originated from River Trent, the 
source of the gravel used. The value later reduced to near background level 
(tap water value) of about 32 ppm at the end of that experiment, and 
remained averagely at the background value in the second experiment. The 
second daily result was slightly lower than the first daily result in this and the 
first experiment. Whereas, in the second experiment the second daily result 
was slightly higher than the first daily result. The second experiment was the 
one that produced lowest Sulphur values. This shows that Sulphur has less 
affinity for soil and other particles in these experiments. This was confirmed 
by the total Sulphur results in which total Sulphur was lower than the soluble 
Sulphur contents, indicating a loss during the digestion process. Digestion 
dissolves and evaporates particulates that entrap metal ions. Because of 
Sulphur's lower affinity for particles in these experiments, the total results 
were lower than their soluble counterparts. 
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5.2.3.6 Water quality determinants 
. Water quality determinants namely; temperature, pH, conductivity, redox 
potential, total dissolve solutes (TDS), turbidity, and organic and inorganic 
carbon contents were monitored in this experiment and the results are as 
follows. 
5.2.3.6.1 Temperature 
Experimental temperature readings from the two leachates and column 
samples are shown in Figure 5.61. The first and second daily samples curves 
show an entirely different trend of temperature from the previous experiments. 
This experiment spanned across the extreme winter months (January to 
February 2007), in which the lowest temperature of 0.5 °c in the first daily 
samples and 1.9 °c in the second daily samples were recorded on 7th 
February 2007. The first and second daily samples curves started with values 
of 9.8 °c and 10.5 °c respectively. There was an immediate fall and rise, 
after which the temperature dropped drastically to the lowest recorded values. 
On getting to the lowest values, the temperature picked up again and the 
experiment ended with values of 7.5 °c and 9.0 °c in the first and second 
daily samples respectively. 
Temperature readings from NiS04 Experiment 18r-------~~~~~~~~~~~~~~------~ 
~ 
~ 
16 
14 
12 
~ 10 
<-> 
'" 
'" 8 = m 
CO 
6 
4 
2 
28~1/o7 04102107 11/02/07 
Experiment Date 
-+- Temp-10am 
~ Temp-4pm 
--+- Temp(CT) 
18102107 25/02/07 
Figure 5.61 Temperature readings from NiSO. experiment 
183 
Chapter Five: Results of Corrosion Assessments 
There was no significant changes in the column temperature throughout the 
three experiments. The values ranged between 14.5 °c and 17.6 °C. This 
was because of the column placement in a controlled environment, where 
minimum level of human habitable temperature was observed. 
5.2.3.6.2 pH values 
Figure 5.62 shows pH readings ranging from 6.9 to 7.3. Although the range of 
pH values in this and the preceding two experiments were more or less the 
same, the distribution of pH in this experiment differed from the other. It can 
be seen in the figure that the first and second daily samples curves tend to 
convex upwards around the middle of the experiment, whereas the 
distributions in other experiments were approximately linear. The points of 
curvature of the pH curve corresponded to the points of lower temperature in 
Figure 5.3.17. On the other hand, the column pH ranged between 6.3 and 6.8 
with its higher values corresponding to the points of low column temperature. 
This also confirms the relationship between pH and temperature, Etchebers 
(2007). 
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5.2.3.6.3 Electrical conductivity 
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Figure 5.63 shows electrical conductivity readings with the highest reading 
corresponding to the points of highest Nickel detection of 7.092 ppm soluble 
and 5.759 ppm total. The value at this point was 1110 !-IS/cm in the first daily 
samples recorded at the second day of irrigation. The conductivity then 
dropped gradually to a value close to background level. Similar to the second 
experiment, the points of high Iron content spanned across the conductivity 
safety zone of 200 to 500 !-IS/cm. 
5.2.3.6.4 Redox potential 
It can be seen from Figure 5.64 that values of redox potential were relatively 
higher than the values in the second experiment and lower than the values in 
the first experiment. The range of values was 181 to 243.8 mV in the first daily 
samples and 212 to 252.5 mV in the second daily samples. The column 
curve was below the two experimental curves with values ranging from 123.8 
to 180.2 mY. 
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Redox potential values from NiS04 Experiment 
260r-----------~~----------~--------~~------------~ 
240 
220 
200 
180 
160 
140 
04102/07 11102107 
Experiment Date 
-+- Redox·1 Dam 
""""8- Redox-4pm 
-+- Redox(CT) 
18102107 25102107 
Figure 5.64 Redox potential from NiSO. experiment 
5.2.3.6.5 Total dissolved solids (TDS) and Sulphate content 
The graph of total dissolved solids (TDS) shown in Figure 5.65 took the shape 
of conductivity curve as was the case in the first and second experiments. The 
first values of 230 and 210 ppm in the first and second daily samples were 
the same as the last values of the second experiment. The highest values 
were recorded at the second irrigation corresponding to the highest detected 
values of the contaminant (Nickel) as well as conductivity. The column curve 
fell below the two curves at the beginning and the end of this experiment. 
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Sulphate content was significantly raised by loading NiS04 in the system. The 
values were in the range of 60 to 100 ppmin the second experiment. 
Whereas, the first values in this experiment were 133 and 113 ppm in the first 
and second daily samples as shown in Figure 5.66. The values rose to their 
peaks of 330 and 120 ppm in the first and second daily samples respectively 
before they dropped to background level represented by the column curve. 
The peak Sulphate values in the first experiment originated from river gravel, 
while in this experiment were because of contaminant (NiS04) loading. 
5.2.3.6.6 Turbidity 
Figure 5.67 shows turbidity values in the main and column experiments. The 
higher values recorded in the second experiment declined rapidly later in the 
experiment. After two days of irrigation, the turbidity. in the first daily samples 
became very close to a background (column) level. The second daily 
samples with the highest turbidity dropped continuously to lower values at the 
end of the experiment. In all the three sets of readings turbidity values were 
above the World Health Organisations' limit of 1.0 NTU for drinking water. 
That was the reason for digesting all samples in order to reveal total metal 
concentrations. 
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Turbidity readings from NiS04 Experiment 
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Figure 5.67 Sample turbidity from NiSO. experiment 
5.2.3.6.7 Carbon contents 
Values of Inorganic and total organic carbon from this experiment are shown 
in Figures 5.68 and 5.69. The values of inorganic carbon ranged between 
2.37 and 14.01 ppm in the first daily samples, and between 0 and 9.19 ppm 
in the second daily samples. There was no significant change in inorganic 
carbon content between the second and this experiment. The column result 
shows lower values than the first daily result but similar to the second daily 
result. In all three cases, the values were lower than the measured tap water 
level of approximately 30 ppm, indicating an exchange of gases between 
carbon dioxide (C02) and carbonate (C03-) taking place in the sand. This was 
the influence of Inorganic Carbon and soil Oxygen in the formation of 
carbonates. 
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Inorganic Carbon content from NiS04 Experiment 
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Figure 5.68 Inorganic carbon (IC) from NiSO. experiment 
There was also a decrease in total organic carbon (TOC) values compared to 
the second experiment where the values ranged between 8.48 and 33.51 ppm 
in the first daily samples, and 32.09 to 91.51 ppm in the second daily 
samples. In this experiment the range was 0.71 to 26.61 ppm and 8.11 to 
31.69 ppm in the first and second daily samples respectively. The column 
result was lower with values ranging from 2.0 to 8.96 ppm, indicating a source 
of organic carbon in the main experiments. 
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Figure 5.69 Total organic carbon (TOC) from NiSO. experiment 
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5.2.4 Lead Nitrate Pb(N03)2 experiment 
In this section the results of the fourth experiment with Pb(N03)2 as a soil 
contaminant are presented with the main graphs. 
5.2.4.1 Iron content 
Soluble and total Iron concentrations in the two leachates and column 
samples are shown in Figures 5.70 and 5.71. Error bars (calculated from the 
ICP precision formulae in section 5.1) are added to the Iron graphs to confirm 
instrument error not significant to the results. 
5.2.4.1.1 Soluble Iron content 
Figure 5.70 shows soluble Iron concentrations in the three samples of this 
experiment. The concentrations of Iron in the first daily samples started with a 
value of 0.1074 ppm, three times higher than the last value (0.0355 ppm) from 
the immediate past experiment. The value then fluctuated within a range of 
0.05 to 0.197 ppm throughout the remaining parts of the experiment. The 
second daily Iron concentrations ranged between 0.1602 and 0.3408 ppm. 
There was no significant change in the Iron values from the previous 
experiment despite the dosing of a new contaminant (Pb(N03)z) in this 
experiment. The position of the column curve was similar to the previous 
experiments, falling in between the first and second daily samples curves with 
values ranging between 0.0464 and 0.2603 ppm. 
In general, there was a continuous increase in average Iron concentrations 
from the first to the third experiments, indicating multiple reactions of the 
added individual contaminants. The average values of Iron in the first 
experiment with CU(N03)2 were 0.031 ppm in the first daily samples and 
0.122 ppm in the second daily samples. The second experiment with 
Cr(N03)s produced higher average values of Iron of 0.058 ppm (47% up) in 
the first daily samples and 0.133 ppm (8% up) in the second daily samples. 
Likewise the average values in the third experiment with NiS04 were 0.082 
ppm (29% up) and 0.263 ppm (49% up) in the first and second daily samples 
respectively. The average Iron concentration in this experiment was however, 
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0.0854 (4% up) in the first daily samples and 0.2494 ppm (5% down) in the 
second daily samples. This could suggest a little or no significant reaction 
between Lead and the pipe sections, though reaction between the two could 
not be ruled out considering Lead's poor solubility in water and its good 
affinity for sand particles. The added Lead might be absorbed by the sand, 
causing its negligible value in solution. This can be seen in Figure 5.4.3 where 
the concentration of Lead fell below the zero-mark therefore, limiting. its 
interaction with the pipe sections. The initial higher values in the first and 
second daily samples could result from the added Lead at the beginning of 
the experiment or as a result of a higher water velocity at the beginning that 
flushed out the remaining contaminants in the sand and influenced reactions 
with the pipe sections. 
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Figure 5.70 Soluble iron content from Pb(N03}. experiment 
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Figure 5.71 Total iron content from Pb(N0312 experiment 
5.2.4.1.2 Total Iron content 
Figure 5.71 shows total Iron concentrations in this experiment. The three 
curves show higher values of Iron because of the digestion process, as would 
be expected. In general, the three curves in this figure were identical to the 
soluble Iron curves in Figure 5.70 with higher values by a factor of 4. 
5.2.4.2 Lead content 
5.2.4.2.1 Soluble and total Lead content 
Soluble and total lead concentrations in the two leachates and column 
samples are shown in Figures 5.72 and 5.73. It can be seen in Figure 5.72 
that Lead did not appear in the first and second daily samples despite its 
dosing in this experiment. This indicates Lead's good affinity for soil particles 
coupled with its poor solubility in water. Linde (2007) after modelling trace 
metals' movement in soil, reported that Lead was found to be strongly 
adsorbed by soil, far beyond the prediction of the model. The detection limit of 
the ICP machine was 0.025 ppm and tap water content was measured to be 
0.002 ppm, a value lower than the ICP machine's sensitivity that could be 
regarded as zero. The column results showed some traces of Lead above the 
detection limit, which was an indication of leaching of Lead from the sand. 
Lead was leached out of the sand as a result of high water velocity in the 
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glass column. However, the water velocity in the main box experimental box 
was low and could not break the bonds between Lead and the sand particle 
electrons. 
Figure 5.73 shows total Lead values significantly higher than the soluble 
concentrations in Figure 5.72, indicating the action of the digestion process in 
dissolving and evaporating particulates that entrapped Lead ions in the 
sample solutions. Though the first sample total Lead concentration was low 
compared to the total concentration in the column, the total value in the 
second daily samples was considerably noticeable above the tap water value 
and the ICP's detection limit. 
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Figure 5.72 Soluble lead content from Pb(N03lz experiment 
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5.2.4.3 Copper, Chromium and Nickel contents 
Figures 5.74 to 5.77 show soluble and total concentrations of Copper (Cu), 
Chromium (Cr) and Nickel (Ni) in first and second daily samples. The values 
of Copper and Nickel in tap water as given by the supplier (Severn Trent) 
were 0.03 and 0.0022 ppm. Chromium content in tap water was not given by 
the supplier but it was measured as 0.002 ppm in this study. This value was 
lower than the detection limit (of 0.004 ppm) for the ICP machine used, and 
thus was regarded as zero. Detection limits for Copper and Nickel were 0.002 
and 0.005 ppm respectively. 
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Figure 5.74 Soluble Copper, Chromium and Nickel at 10 am 
Soluble metal content from Pb(N03)2 Experiment-4pm results 
0.2 ,~::,,:,:,::-=--------=--~-=--=---------------=-----=-,:,----::,::=--=--:~~,:,,-:::---=-~;=:==, 
0.'5 
E 
..5 0.1 
c 
Q 
.~ 
" g 0.05 
Q 
'-' 
-O,9jbL3/O"-"-7 -------:-'=-8/O='3"'/O=7:----=-25"'/O""3"'/O=7---0",'""/O"--4""/O=-7 -------,0"'8-=/04/07 
Experiment Date 
Figure 5.75 Soluble Copper, Chromium and Nickel at 4 pm 
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Figure 5.76 Total Copper, Chromium and Nickel at 10 am 
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Figure 5.77 Total Copper, Chromium and Nickel at 4 pm 
Soluble concentrations of Copper in the two sets of samples, shown in 
Figures 5.74 and 5.75 were very similar to the values in the preceding 
experiment. The value of Copper in this experiment ranged between 0.0106 
and 0.0197 ppm in the first daily samples and between 0.0125 and 0.0207 
ppm in the second daily samples. There was a slight decrease in total 
Copper in the first daily samples but the second daily samples showed 
higher values as would be expected because of digestion and the mixing 
process taking place in the gravel pack. This shows that there was still 
leaching of Copper from the sand after irrigation with an equivalent 12 year 
rainfall volume (three years for each of the four experiments). 
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Chromium concentration was noticed to diminish as there was no other 
source into the system. As can be seen in Figure 5.74, it was only the first 
point on the first soluble curve that was above the detection limit of 0.004 
ppm. Though the second daily soluble curve showed some points above the 
detection limit, the concentration had generally reduced. There was no 
significant change between the total and soluble Chromium contents in this 
experiment. The entire first total Chromium curve fell below the zero-mark 
and the second total curve showed only few points above the mark, indicating 
very low concentration of Chromium in the samples. 
Nickel was dosed in the previous experiment and significant amount of Nickel 
appeared in the samples of that experiment. Likewise in this experiment, 
Nickel continued to appear in the samples as can be seen in Figures 5.74 and 
5.75. Soluble Nickel concentration ranged between 0.095 and 0.176 ppm in 
the first daily samples and between 0.0998 and 0.1221 ppm in the second 
daily samples. The total concentration of Nickel was between 0.0668 and 
0.1376 ppm in the first daily samples and between 0.0982 and 0.1575 ppm in 
the second daily samples. 
5.2.4.4 Manganese and Zinc contents 
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Figure 5.78 Soluble Mn and Zn from Pb(N03h experiment -10 am results 
Figures 5.78 to 5.81 show soluble and total concentrations of Manganese 
(Mn) and Zinc (Zn) in first and second daily samples. Tap water values were 
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measured in this study as 0.0026 and 0.025 ppm and the sensitivity of the ICP 
machine was 0.001 and 0.002 ppm for Mn and Zn respectively. 
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Figure 5.79 Soluble Mn and Zn from Pb(N03l> experiment - 4 pm results 
5.2.4.4.1 Soluble Manganese 
Soluble content of Manganese in the first daily samples continued to decrease 
from the first experiment through to the present experiment. The average 
value of Manganese in the four experiments was 0.0061, 0.006, 0.0036 and 
0.0031 ppm respectively. The average value in the second daily samples of 
the first experiment was 0.002 ppm. The concentration of Manganese 
increased to 0.0112 ppm in the second experiment and later decreased to 
0.0102 and 0.0081 ppm in the two proceeding experiments. This shows that 
the sand in the experiment was the source of Manganese in the system. An 
average value of 0.1 ppm from the column experiment reported in section 
4.2.1.3 further confirms the sand as the source. Higher values from the 
column resulted from a higher velocity and temperature in the glass column 
that enhanced leaching of Manganese from the sand, as would be expected. 
5.2.4.4.2 Soluble Zinc 
Soluble Zinc concentration is shown in Figures 5.78 and 5.79. The 
concentration ranged between 0.033 to 0.12 ppm in the first daily samples 
giving an average value of 0.0763 ppm. In the second daily samples, the 
values ranged between 0.0117 and 0.0717 ppm with an average value of 
0.047 ppm. This element is known to have a very high solubility in water and it 
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exists abundantly in different environments (Harmsen, 1977). Though there 
was no dosing of Zinc in the series of the conducted experiments, 
considerable amount was leached out of the experimental materials. The 
average values recorded in experiments one to four were 0.0085, 0.0462, 
0.0451 and 0.0763 ppm in the first daily samples and 0.0071, 0.056, 0.0638 
and 0.047 ppm in the second daily samples respectively. The content of this 
element in tap water was measured as 0.025 ppm. The monitored higher 
values of Zinc (above 0.025 ppm) in the four experiments indicate 
considerable leaching of Zinc from the experimental materials. An average 
value of 0.2 ppm from the column experiment that resulted from high water 
velocity in the column experiment further confirms its abundance in the 
materials used in this study. 
5.2.4.4.3 Total Manganese and Zinc 
The results of total concentrations of Manganese and Zinc are shown in 
Figures 5.80 and 5.81. The figures show no significant difference between 
soluble and total Manganese contents in solution. However, total 
concentration of Zinc was significantly higher than the soluble content. This 
signifies the importance of the digestion process in revealing total metals 
content in solution. 
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Tolal metal content from Pb(N03)2 E)(periment-4pm results 
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Figure 5.81 Total Mn and Zn from Pb(N03h experiment - 4 pm results 
5.2.4.5 Silicon and Sulphur content 
Figures 5.82 to 5.85 show soluble and total Silicon and Sulphur contents from 
this experiment. Tap water values for the two metals were measured as 2.014 
and 32.47 ppm and the detection limit of the machine used was 0.01 and 0.03 
ppm for Silicon and Sulphur respectively. 
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Figure 5.83 Soluble Silicon and Sulphur at 4 pm 
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5.2.4.5.1 Silicon content 
There was no significant difference in Silica concentration between the first 
and second daily samples. In general the concentration ranged between 
2.205 and 2.792 ppm, averaging to a value of 2.366 and 2.483 ppm in the first 
and second daily samples respectively. The first daily average values of 
Silica were 3.2048, 5.6616, 1.9617 and 2.3664 ppm in experiments one to 
four respectively. The second daily average values were 3.5078, 5.129, 
3.4657 and 2.4833 ppm respectively. This shows that dosing of Chromium in 
the second experiment enhanced more leaching of Silica to the highest values 
of 5.6616 and 5.129 ppm in the first and second daily samples respectively. 
The measured value of Silica in drinking water was 1.541 ppm and the 
average value from the column experiments was 3.7 ppm. This further 
confirms an ion exchange reaction between Chromium and Silica in the 
second experiment. Despite all favourable leaching conditions that existed in 
the glass column experiment, the column result for Silica was lower than the 
results of the second experiment. Digestion did not change the value of Silica 
to a noticeable quantity, the two different results were closely the same. 
5.2.4.5.2 Sulphur content 
The concentration of Sulphur ranged between 17.24 and 24.93 ppm in the first 
daily samples and between 18.02 and 27.52 ppm in the second daily samples. 
It would be recalled that Sulphur concentration was high at the beginning of 
the first experiment to values of around 280 and 70 ppm in first and second 
daily samples. This was suspected to come from the river gravel used in the 
experiment. The values decreased through experiments one to two before 
other peak values were recorded after dosing NiS04 in the third experiment. 
In general, the average values of Sulphur in the four experiments were 
92.014, 35.91, 41.23 and 22.37 ppm in the first daily samples, and 33.3, 35.7, 
27.2 and 25.0 ppm in the second daily samples respectively. 
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5.2.4.6 Water quality determinants 
5.2.4.6.1 Temperature 
Figure 5.86 shows temperature readings in two leachates and the column 
samples. There was a rapid decrease in temperature from the second day of 
irrigation. The temperature values at the first irrigation were 7.8 °c and 10.5 
°c in the first and second daily samples respectively. These values increased 
to 8.5 °c and 11.5 °c at the second irrigation before they gradually 
descended to the experiment's lowest temperatures of 3 °c and 5 °c in the 
first and second daily samples respectively. 
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After reaching the lowest values, the temperature picked up gradually due to 
the weather and returned to the initial recorded values at the start of the 
experiment. At the end, the two readings merged at a value of 9 °c. 
The column temperature was monitored in a range between 16.2 °c and 19.8 
°c, significantly higher than the main experimental temperatures. Higher 
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temperature promote soil activities including an evolution of CO2, a weak gas 
that lowers pH value and therefore enhances more leaching of elements from 
experimental materials. 
5.2.4.6.2 pH values 
Figure 5.87 shows pH values with wider range than in the previous 
experiments. The initial values of the pH at the start of the experiment were 
6.8 0 C and 6.9 °c in the first and second daily samples respectively. The 
values then show a slight increase with decreasing temperature values in the 
two samples. Highest pH values of 7.7 and 7.8 were recorded around the 
points of lowest temperatures in the two samples. 
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The pH in both cases started to decrease after reaching the peak values, 
correspondingly with increasing temperatures. This further confirms Etchebers 
(2007), a study that linked pH inversely to temperature. The column pH curve 
was generally below the two experimental curves in this experiment with 
values ranging from 6.9 to 7.1 throughout the experiment. These results could 
be related to the soluble and total Iron results in the sense that the Iron curves 
in Figures 5.70 and 5.71 show relatively negative slopes, especially the 
second daily sample curves. Whereas, the results of the pH show clear 
positive slopes, indicating a reduction in Iron leaching with increasing pH 
values. 
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5.2.4.6.3 Electrical conductivity 
Electrical conductivity is shown in Figure 5.88. In this experiment, higher 
values of conductivity were monitored at the point of contaminant dosing 
(Etchebers, 2007). The value in the first daily samples rose from 460 to 650 
~S/cm and the initial value in the second daily samples was recorded as 660 
~S/cm at the beginning of the experiment. All other readings were lower than 
these readings throughout the remaining parts of the experiment. In general, 
apart from two points at the beginning of the experiment, all other points fell 
within the range of a conductivity safety zone of 200 to 500 ~S/cm and 
averaged to a tap water (background) value of 440 ~S/cm. 
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Figure 5.88 Electrical conductivity from Pb(N03J. experiment 
The range of conductivity values in this experiment might relate to the study of 
Doyle (2003) with regards to corrosive soils. In this experiment, leaching of 
Iron has generally shown a decreasing trend from start to finish and the 
recorded values of Iron were most likely to result from the reaction between 
residues of other contaminants in the sand and the pipe sections. This was 
also confirmed by the negligible Lead concentration in solution in the two sets 
of samples. The column result ranged between 530 and 580 ~S/cm, with 
points mostly above the other two sets of results. 
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5.2.4.6.4 Redox potential 
Figure 5.89 shows redox potential readings with values ranging from 139.8 to 
182.9 mV in the first daily samples and from 141.8 to 197.1 mV in the second 
daily samples, averaging to around 160 mV in both cases. The values in this 
experiment were slightly the same, unlike in the previous experiments where 
higher values were recorded at the beginning of the experiments. The higher 
values at the start of the previous experiments could be linked to 
contaminants loading. In the case of this experiment, the result has shown 
less activity in the sand because most of the added contaminant (PbN03h 
was being absorbed by the topsoil. 
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Figure 5.89 Redox potential from Pb(N03l> experiment 
5.2.4.6.5 Total dissolved solids (TDS) and Sulphate content 
The results of TDS in Figure 5.90 show initial values of 230 and 330 ppm in . 
the first and second daily samples respectively. The value in the first daily 
samples rose to 350 ppm at the second irrigation, after which the two curves 
dropped to their lowest value of 210 ppm close to tap water (background) 
level of 220 ppm measured in this study. In the course of this experiment the 
two readings gradually increased and both ended at a common value of 240 
ppm. The column result was generally higher than the other two sets of 
results, indicating less activity in the experimental box. Total dissolved solids 
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and conductivity results show identical curves in this experiment, compared to 
the previous experiments. This is because of the dependency of the two 
parameters on leaching from materials. 
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Figure 5.90 Total dissolved solids (TOS) from Pb(N03h experiment 
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Figure 5.91 Sulphate content from Pb(N03h experiment 
Figure 5.91 shows Sulphate content with values ranging from 60 to 90 ppm 
and 53 to 91 ppm in the first and second daily samples respectively. The 
average values for the two sets of samples were 79.7 and 81 ppm, relatively 
lower than in the previous experiment where Nickel Sulphate was dosed. 
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5.2.4.6.6 Turbidity 
Figure 5.92 shows turbidity values in the main and column experiments. The 
values ranged from 1.57 to 4.64 NTU and 4.67 to 18.3 NTU in the first and 
second daily samples respectively. The results of the column experiment 
ranged from 1.2 to 11.5 NTU. It is a protocol of the ICP detection machine that 
for a sample to reveal total metal concentration, the turbidity of the sample 
has to be less than unity. This is also the World Health Organisation's 
benchmark for drinking water (WHO, 2004). A higher value of turbidity is an 
indication of particulates in the sample, which would therefore require 
digestion in order to reveal total metal concentration in the sample. The 
second daily sample curve was above the other two curves, indicating higher 
values of turbidity resulting from mixing of samples in the gravel pack. 
Turbidity readings from Pb(N03)2 Experiment 
40 
35 
3D 
25 
=- 20 >-z 
15 
10 
5 
117b3107 18103107 25103107 
Experiment Date 
Figure 5.92 Sample turbidity from er(N03h experiment 
5.2.4.6.7 Carbon contents 
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The values of Inorganic and total organic carbon from this experiment are 
shown in Figures 5.93 and 5.94. The values of inorganic carbon ranged 
between 0.361 and 15.71 ppm in the first daily samples, and between 0.412 
and 16.15 ppm in the second daily samples. Although the values were 
scattered across the period of the experiment, the curves showed relatively 
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positive slopes, indicating an increase in inorganic carbon across the period of 
the experiment. The column result shows lower values in the range of 0 to 
9.27 ppm. The entire results were below the expected tap water value of 30 
ppm and hence, indicate a gas exchange in the sand of carbon dioxide (C02) 
with Oxygen ions to produce a carbonate (C03) 
The values of total organic carbon (TOC) ranged between 1.09 and 7.02 ppm 
in the first daily samples, and between 2.54 and 11.57 ppm in the second 
daily samples. These values were much higher than the results of the first 
experiment. Column result ranged between 0.82 and 15.99 ppm and tap water 
value was monitored to be 3.0 ppm in this study. 
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Figure 5.93 Inorganic carbon (I C) from Cr(N03h experiment 
The results of the column experiment indicate leaching of TOC from the sand 
with most values above 3.0 ppm. The three curves show a similar trend of 
decreasing TOC from start to finish of the experiment with the second daily 
sample curve above the other two curves, indicating leaching of TOC from the 
main experimental set up, which could come from the pipe liner. 
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Toatal Organic Carbon content from Pb(N03)2 Experiment 
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Figure 5.94 Total organic carbon (TOC) from Cr(N03h experiment 
5.3 Results of internal corrosion experiments 
5.3.1 Introduction 
08104107 
This is the second part of the corrosion assessment results. Results of the 
external corrosion experiments were presented in the first part. In this part, the 
results of the internal corrosion experiments are presented. The experiments 
were conducted with water contaminants namely; Copper (Cu), Chromium 
(Cr), Nickel (Ni) and Lead (Pb). The results are discussed relative to metal 
levels in the UK and EU drinking water. In these experiments, both soluble 
and total metal contents were analysed in order to determine the state at 
which the metals exist in the experiments. It could be recalled that the internal 
corrosion experiments were conducted in two different loops formed with a 
lined and unlined pipe sections as reported in section 3.4. The level of the 
metal contaminants used in these experiments was three times higher than 
the allowable metal limit in the UKlEU drinking water as contained in Tables 
3.5 and 3.6 in chapter three. 
5.3.2 Experimental results 
In this section, the results of the experiments carried out in the lined and 
unlined pipes are presented. Three different samples were collected and 
analysed before loading any metal into the two loops. These samples 
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represent the background level of tap water after having contact with the 
loops. The background results are represented by the first three points on 
each of the presented graphs. Dosing of heavy metals commenced with 
Copper, followed by Chromium, Nickel and Lead. In each case, five samples 
were collected and analysed. The presented graphs therefore, represent five 
points each for the experiments carried out with Cu, Cr, Ni and Pb in a 
sequential order. A total of 23 points, three for the background and five each 
for the four experiments can be seen on each graph. 
5.3.2.1 Iron content 
Figures 5.95 and 5.96 show running concentrations of soluble and total Iron in 
the lined and unlined pipe sections. 
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Figure 5.95 Iron concentration in lined pipe 
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Figure 5.96 Iron concentration in unlined pipe 
It can be seen from Figure 5.95 that the first three points (the background 
points) show a decreasing trend in Iron concentration from 0.75 to 0.2 ppm. 
After the loading of Copper, Iron concentration rose to 0.37 ppm from where it 
fluctuated between the values of 0.1 and 0.45 ppm from the middle to the end 
of the third (Nickel) experiment. After the third point of the Nickel experiment, 
there was a delay for about one month before the experiment continued. It 
can be noticed that there was an increase in Iron concentration from 0.1 to 
0.25ppm (more than 50%) at the point where the experiment continued and 
this increase was maintained to the end of the experiment without much 
changes. The noted increase was as a result of prolonged contact time 
between water and the pipe walls that caused a formation of colloidal 
particles. It can also be seen that from the beginning of the first experiment up 
to the middle of the third (Nickel) experiment, soluble and total Iron 
concentrations were nearly the same, indicating an absence of particulates in 
the circulating water. After the formation of particulates, total Iron 
concentration outweighed the soluble content by about 50% at most of the 
points. Figure 5.95 also indicates a decrease in Iron value at most points 
when viewed from left to right, as a result of water dilution. It could be recalled 
that tap water was used to replace sample volumes taken from each loop in 
each day of the experiments (section 3.4). In general, the slight changes in 
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the Iron concentration might be expected to come from leaching of the inner 
cement layer as the iron source was unlikely to be the ionic parent of the pipe. 
Cement may contain up to 6 % Ferric Oxide (Fe203), EN197.1. The two 
curves could be looked at as lying closely within a short range of values and 
averaging around a value of 0.2 ppm. 
Iron concentration in the unlined pipe can be seen in Figure 5.96. There was 
an increasing trend in Iron concentration from the start of the experiments 
(before contaminant loading). Iron value changes from 0.5 to 1.8 ppm. At each 
point of contaminant loading, Iron values showed a jump, followed by a 
gradual drop. These changes were due to water dilution, taking place at the 
points of sampling as described above. Similar to the lined pipe, there was a 
slight increase in Iron concentration after the stoppage period of one month 
when the experiments were halted. However, in this case the increase 
became more pronounced and it was maintained throughout the last 
experiment. The average soluble and total concentrations of Iron during the 
first three experiments were both 1.5 ppm. These values increased to 4.5 ppm 
soluble and 6.2 ppm total at the end of the experiments. The two curves of 
soluble and total Iron concentrations merged in most of the unlined pipe 
experiments, indicating a good solubility state of Iron in the circulating water 
system. 
Considering the rapid changes in Iron concentrations and their magnitudes in 
the unlined pipe experiments, Iron was suspected to have leached out of the 
pipe body. This was possible due to the fact that the interior walls of the pipe 
wereuncoated as well as the expected reactions between the exposed pipe 
walls and loaded chemicals. This was also confirmed by Figures 5.98, 5.100, 
5.102 and 5.104 in which all the four loaded chemicals appeared to be soluble 
within the period of the rapid Iron concentration increase. The soluble and 
total Iron curves therefore indicated a combined reactions of the four metals 
with the pipe walls. 
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5.3.2.2 Copper content 
Figures 5.97 and 5.98 show the concentrations of soluble and total Copper in 
the lined and unlined pipe sections. The two figures show Copper in a good 
solubility state in both cases. The initial concentration of Copper was 
negligibly close to a tap water value of about 0.05 ppm. It can be seen that 
after the loading of Copper solution into the two systems, the concentration 
rose significantly to 1.4 ppm in the lined pipe and 1.3 ppm in the unlined pipe. 
Though the concentration rise was clearly seen, the level of Copper in both 
cases was below the loaded amounts. This showed that there was Copper 
retention in the two systems. Copper might be stuck on the cement liner in the 
lined pipe, whereas in the unlined pipe, Copper ions in solution were likely to 
be in an exchange reaction with the iron naked pipe walls. 
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Figure 5.97 Copper concentration in lined pipe 
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Figure 5.98 Copper concentration in unlined pipe 
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Copper concentration then started and continued to drop through the 
remaining parts of the experiments. The concentration drop was due to 
Copper retention onto the pipe walls as previously mentioned, as well as 
water dilution at points of sampling as would be expected. At the point of Lead 
loading, the two figures show yet another exchange reaction between the 
stuck Copper and the added Lead. This reaction resulted in producing a jump 
in the Copper concentration. This can be clearly seen in the last part of Figure 
5.98 (representing the Lead experiment). 
5.3.2.3 Chromium content 
Figures 5.99 and 5.100 show soluble and total concentrations of Chromium 
(Cr). The sensitivity of the ICP machine used was 0.004 ppm for Chromium 
and its tap water content was measured as 0.002 ppm, indicating a very 
negligible content. It can be seen from the two figures that at the start of the 
experiments Chromium appeared in the first samples with values of 0.013 and 
0.029 ppm in the lined and unlined pipes respectively. From the two second 
samples through the five samples of the first (Copper) experiment in both 
cases, there were no Chromium ions in solution. All values were either 
negative or below detection limit. Chromium ions only appeared in the 
samples at the point of Chromium loading, as would be expected. Afterwards, 
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Chromium disappeared again throughout the remaining parts of the 
experiments. Acid digestion on almost all the samples did not change the 
soluble results, indicating that Chromium ions existed in a soluble state. 
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Figure 5.99 Chromium concentration in lined pipe 
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Figure 5.100 Chromium concentration in unlined pipe 
Considering the maximum soluble concentrations of 0.02 and 0.09 ppm in the 
lined and unlined pipes respectively, it would be assumed that there was an 
adsorption of Chromium ions on the cement layer in the lined pipe section. 
This has reduced Chromium concentration in the lined pipe by more than 70% 
compared to the value in the unlined section since the loading rate was the 
same in both cases. It could also be seen that at the point of Lead loading, the 
Chromium curve rose upwards before it dropped back in both figures, 
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indicating an ionic exchange reaction between Chromium and Lead ions. This 
is shown by the last five points in the two figures (representing the Lead 
experiment). 
5.3.2.4 Nickel content 
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Figure 5.101 Nickel concentration in lined pipe 
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Figure 5.102 Nickel concentration in unlined pipe 
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Tap water content of Nickel was measured as 0.007 ppm and the ICP 
detection limit for this element was 0.005 ppm as reported in section 5.3.3.2. 
Nickel concentrations in the lined and unlined pipes were slightly above tap 
water level. The values rose at the point of Nickel loading, as would be 
expected. It can be seen that at the point when Nickel was added soluble 
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Nickel content became higher than the total Nickel content in both cases. This 
confirms Nickel's good aqueous solubility. 
5.3.2.5 Lead content 
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Figure 5.103 Lead concentration in lined pipe 
Soluble and total lead concentrations are shown in Figures 5.103 and 5.104. 
The detection limit of the ICP machine for Lead was 0.025ppm. It can be seen 
in Figure 5.103 that Lead concentration was very low with only one point 
above the detection limit. That was before its dosing in these experiments. 
This indicates its low value in tap water. At the point of Lead's dosing, its 
concentration rose as would be expected. The concentration then dropped at 
the end of the experiments. Lead appeared in soluble state in the two 
systems. This was unlike its insoluble behaviour in the reported external 
corrosion experiments. Lead was retained onto sand particles in the external 
corrosion experiments because of its high affinity for such particles. 
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Lead Content from Internal Corrosion Experiments-Unlined Pipe 
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Figure 5.104 Lead concentration In unlined pipe 
5.3.2.6 Temperature and pH 
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Figure 5.105 Temperature and pH in lined pipe 
The two sets of experiments with the lined and unlined pipes were conducted 
at the same place and exposed to the same environmental conditions. Figures 
5.105 and 5.106 show sample temperature and pH readings in the two pipe 
sections. The two figures show nearly identical temperatures with slightly 
higher values in the lined pipe section at most points .. The lined pipe was 
warmer because of the cement layer that gave it more protection from the 
environment. Apart from that, all other major changes on the two curves look 
similar as would be expected. 
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Temperature and pH Values from Internal Corrosion Experiments-Unlined Pipe 
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Figure 5.106 Temperature and pH in unlined pipe 
The pH curves were also similar in shape but their numerical values differ 
• 
significantly. The pH values in the lined pipe section ranged from 8.4 to 9.5 
whereas the range in the unlined pipe section was from 7.1 to 8.3. Although 
CalciuIT) content was not measured, it was likely that there was leaching of 
Calcium from the cement layer that increased the pH in the lined pipe. A 
cement layer consists of 61-67 % Calcium Oxide (CaO), EN197.1. When 
cement is mixed with water it could result in a pH value of up to 13. In general, 
the range of pH in the two systems was within the UKJEU drinking water 
allowance of 6.5 to 10. 
5.3.2.7 Conductivity and TDS 
Results of electrical conductivity in the lined and unlined pipe sections are 
shown in Figures 5.107 and 5.108. Tap water value of conductivity was 
measured as 567 IJS/cm. After having contact with the two pipe sections, the 
value dropped to 450 IJS/cm in the lined pipe and 430 IJS/cm in-the unlined 
pipe. Though the two graphs indicate slight jumps at the points of 
contaminants loading (Etchebers, 2007), the general pattern of the lined pipe 
curve indicates a continuous fall in conductivity from start to finish of the 
experiments. However, the unlined pipe curve was more or less constant at 
the beginning of the experiments. This was then followed by a fall at the 
middle and finally a rise at the end of the experiments. Unlike the results of 
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external corrosion assessment (part 1) where conductivity changed greatly, it 
is really difficult to interpret any effect from these results because of their 
closeness in general. 
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Figure 5.107 Conductivity and TDS values in lined pipe 
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Figure 5.108 Conductivity and TDS in unlined pipe 
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Total dissolved solids (TDS) values in the lined pipe section ranged between 
210 to 280 ppm. The values of TDS in the unlined pipe section ranged 
between 160 and 230 ppm, indicating less activities in the circulating water. 
The leaching of the cement layer that raised pH values in the lined pipe 
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section has also raised TDS to values higher than the TDS of tap water, which 
was measured as 220 ppm. 
5.4 Concluding remarks 
5.4.1 External corrosion 
This chapter has presented the results of the main investigative study 
regarding an assessment of external corrosion of ductile Iron water 
distribution pipelines as a result of soil contamination by heavy metals. What 
has come up from the conducted experiments with the four different soil 
contaminants has shown noticeable effects of Copper, Chromium and Nickel 
in propagating ductile iron pipe corrosion in soil. Copper has shown to have 
the greatest exchange capacity with Iron. This was indicated by higher Iron 
concentrations in the Copper experiment. The last soil contaminant used in 
these experiments was Lead. Though this study can not rule out any effect 
from Lead on the corrosion of the two pipe sections, its introduction into the 
experimental system did not show any reaction with the pipes. This might be 
the result of its poor aqueous solubility and possibly its good affinity for soil 
particles (Linde, 2007). These two factors might have caused the loaded Lead 
to remain in the sand without reaching the level of the 2 pipe sections. A 
continuation of Lead experiments might produce a different result if it is looked 
at in two different perspectives. Firstly, increasing the experimental time scope 
above the three years used and also increasing the amount of rainfall might 
dissolve the Lead in the sand to be able to reach and react with the pipe 
sections. Secondly, introducing a dose of another metallic cation like Copper 
or Chromium might result in cationic exchange reactions between Lead and 
the new dosed metal, similar to what had happened between Copper and 
Chromium in this study. At the start of the Copper experiment there were 
dissolved and total Copper in the experimental samples, which later 
disappeared because of Copper retention in the sand and its adsorption onto 
gravel surfaces. At the beginning of the Chromium experiment the adsorbed 
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Copper ions were exchanged with the dosed Chrome ions and Copper 
suddenly re-appeared in the subsequent samples. 
The overall results indicate a continuous increase in the average soluble Iron 
concentrations from the Copper experiment to Chromium and Nickel 
. experiments, indicating multiple reactions of the added individual 
contaminants with the respective pipe sections. This was also confirmed by 
the graphs of the individual metal contaminants showing their concentrations 
spanning across different experiments. The average values of the soluble Iron 
in the, first experiment with Cu(N03l2 were 0.031 ppm in the first daily samples 
and 0.122 ppm in the second daily samples. The second experiment with 
Cr(N03h produced higher average values of Iron of 0.058 ppm (47% up) in 
the first daily samples and 0.133 ppm (8% up) in the second daily samples. 
Similarly, the average soluble Iron values in the third experiment with NiS04 
were 0.082 ppm (29% up) and 0.263 ppm (49% up) in the first and second 
daily samples respectively. However, the average soluble Iron concentration 
in the Lead experiment was 0.0854 (4% up) in the first daily samples and 
0.2494 ppm (5% down) in the second daily samples. This could suggest a 
little or no significant reaction between Lead and the pipe sections, though 
reaction between the two could not be ruled out considering Lead's poor 
aqueous solubility and its good affinity for soil particles as mentioned above. 
The added Lead might have been absorbed by the sand, causing its negligible 
values in solution. This can be seen in Figure 5.72 where the concentration of 
Lead fell below the zero-mark therefore, limiting its interaction with the pipe 
sections. The initial higher values of Iron in the first and second daily samples 
in the Lead experiment could result from higher water velocity at the beginning 
of the experiment that flushed out the remaining 3 contaminants in the sand 
and influenced more reaction with the pipe sections. 
This study successfully correlated a number of analytes. For example, sample 
temperature correlated inversely with soil pH in most of the results (Etchebers, 
2007). At high temperatures there were different biological activities taking 
place in the sand. These activities included an evolution of Carbon dioxide 
(C02), a weak acid in water that lowers soil pH. Electrical conductivity 
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correlated directly to the total dissolved solids (TDS) throughout the four 
experiments, indicating their dependency on materials leaching. Sulphur also 
correlated directly with Sulphate content as would be expected. 
5.4.2 Internal corrosion 
The intemal corrosion experiments indicated a. great change in Iron 
concentrations between the lined and unlined pipe sections. Though there 
were slight changes in Iron concentrations in the lined pipe section, the 
changes were expected to have come from leaching of the inner cement layer 
that contains up to 6 % Ferric Oxide (Fe203) (EN197.1). In the unlined pipe 
section there were almost the same concentrations of the soluble and total 
Iron, indicating a good solubility state of the Iron in the circulating water 
system. Considering the rapid changes in Iron concentrations and their 
magnitudes in the unlined pipe experiments, Iron was suspected to have 
leached out of the pipe material. This was possible due to the fact that the 
interior walls of the pipe were uncoated as well as the possibility of reactions 
between the exposed pipe walls and the loaded chemicals. 
Sample temperatures in the two experiments indicate that the lined pipe 
section was warmer because of the cement layer that gave it more protection 
from the environment. The values of pH in the lined pipe section ranged from 
8.4 to 9.5 whereas the range of the pH values in the unlined pipe section was 
. from' 7.1 to 8.3. A more likely explanation on the difference in the pH values 
between the two systems was that in the lined pipe there was leaching of 
Calcium hydroxide from the hardened cement paste, which increased the pH 
as would be expected. The cement layer consists of 61-67 % Calcium Oxide 
(CaO), and when a cement is mixed with water it could produce a pH value of 
up to 13 EN197.1. The leaching of Calcium hydroxide has another effect on 
drinking water in the sense that dissolved Carbon dioxide in the water reacts 
with Calcium to produce Calcium Carbonate (CaC03), known as water 
hardness, Neville (2001). 
223 
Chapter Five: Results of Corrosion Assessments 
In general, the two sets of results indicate that a slight increase in metal 
content is capable of producing more Iron ions in drinking water that is 
transported through un coated metallic pipes. This effect apart from increasing 
water contamination with Iron, it will also reduce the integrity of the pipe's 
internal walls, which could result in pipe leakages with time. 
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Chapter Six: Discussion and further work 
6.1 Introduction 
The basis of the thesis is to measure the effect of metals in soil and water on 
rates of pipe deterioration. The movement of heavy metals in soil and the 
results of the reactions of metal contaminants on both internal and external 
wall surfaces of ductile Iron pipe were discussed in chapters four and five. 
This chapter summarises all the findings and analyses these results to draw 
conclusions from the experimental work and discuss the future extension of 
the work. 
6.2 Experimental variables 
Evidence has been presented in chapter five that the reactions of metal 
contaminants with ductile Iron pipeline (DIP) depend on the solubility and free 
movement of individual metals in soil/water. The solubility and movement of 
metals are pre requisites for any physical or passive contact to be established 
between the metals and pipe wall surfaces in soil or water. It should be noted 
that the discussions in this chapter were based on the quantities of the 
contaminant metals and other variables that were used in the research 
(section 3.3.11) which are typical of urban runoff (see literature review). 
6.2.1 Metal contaminants and Iron concentrations 
The metal salts (contaminants) used in both external and internal corrosion 
experiments were Copper Nitrate [Cu(N03h], Chromium Nitrate [Cr(N03h], 
Nickel Sulphate [NiS04] and Lead Nitrate [Pb(N03h]. These metals were 
chosen because of their frequent occurrence as soil and water contaminants, 
as well as their relative positioning above ductile (cast) Iron in the galvanic 
series. The salts were chosen to be soluble. In this section, the variations in 
concentration of each of the four metals are discussed relative to changes in 
Iron concentrations leached in different experiments. 
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6.2.1.1 Copper 
Copper has the potential to affect the integrity of a ductile Iron pipe because of 
its position in the galvanic series. A corrosion process has been shown to 
occur by the results of this research. The effect of Copper was evident at the 
dosed concentration of 26 mg/Kg used in the external corrosion experiments. 
At the point of Copper dosage in the first experiment, its soluble 
concentrations in leach ate solution varied from 0.017 to 0.022 ppm within the 
first 6 days of irrigation (representing a period of 14 months average rainfall). 
Although the solubility and reactions of metals in soil were shown by the 
literature review to require a long period of time to occur, the detected soluble 
concentrations on average of about 0.0223 ppm were below the expected 
values considering the solubility and initial quantity of Copper of 26 mg/kg, 
equivalent to 26 mg/1. This suggested an adsorption of most quantity of the 
Copper by the sand/gravel. The difference between the soluble and total 
concentrations indicate that only small amount of Copper ions were entrapped 
on particulates in the samples. The continuation of full data set of the 
experiment (for the remaining 22 months) confirmed Copper's adsorption onto 
the bedding used in the experiments. This was noted by the progressive 
disappearance of Copper in subsequent effluent leach ate samples. Copper 
ions were then remobilised by the addition of Chromium at the start of the 
second (Chromium) experiment. 
The effect of Copper on the Iron pipe sections was evident from the increase 
in difference between both soluble and total Iron concentrations and the 
results of the column model. There were total Iron peaks of 7.39 ppm and 
7.27 ppm in the first and second daily samples in the first (Copper) 
experiment. These values were 74% higher than the background peak value 
of 1.94 ppm. This difference in Iron concentrations between the column model 
and full scale pipe experiment was concluded as representing an Iron loss 
from the pipe body. An Iron loss from the parent material of the pipe is an 
indication of external corrosion, which could subsequently grow to ultimately 
lead to perforation and leakage or pipe break (Rajani & Kleiner, 2001). The 
concentrations of total Iron in the initial two daily samples showed a rise at the 
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beginning and a fall at the end of the experiment, indicating an increase in 
Iron release with the amount of dissolved Copper accumulation in the bedding 
sand. A later decrease in Iron leachate was associated with diminishing 
Copper in the bedding sand. The pattern of Iron release shown by the total 
Iron release curves in figures 5.1 and 5.2 had suggested ionic exchange 
reactions between Copper and Iron. The quantity of Copper retained in the 
system was adsorbed by both the gravel and sand. The results of the batch 
adsorption test performed with Copper and gravel revealed that the gravel had 
a good adsorption capacity of Kf =2.69 though with a low adsorption strength 
of n=O.625 (see section 4.3). This was interpreted as suggesting that most of 
the Copper was dissolved in the boundary layer of the sand and reacted with 
the pipe sections before it was entrapped in a Copper reservoir within the 
bedding. Though the greater surface area of the sand might suggest greater 
retention by the sand. The distribution of Iron concentrations in figures 5.1 and 
5.2 demonstrates the direct relationship between Copper and Iron on the pipe 
sections at different concentrations. This was due to the fact that the solubility 
and reactions of Copper varied significantly within the sand and gravel packs. 
Despite these variations in Copper concentrations (figures 5.3 and 5.4), 
increasing total Iron concentrations were evident throughout the entire 
experiment. 
A high level of Copper was noted in the second (Chromium) experiment. It 
was concluded as due to ionic exchange between Copper and Chromium in 
the sand and gravel. Copper concentration was not elevated by the addition of 
Nickel in the third experiment. All the detected values of Copper were within 
the expected tap water content. During the last experiment with Lead, the 
concentrations of Copper were more than background tap water content and 
also higher than the results of the Nickel experiment. This was surprising and 
thus given the galvanic series theory suggested two things as follows; (1) 
there was still Copper ions in the bedding and its longer retention thus 
suggested by the adsorption strength (2) and that there were other factors 
which could lead to its mobilisation. This was with moderate concentrations of 
Copper used in the experiments compared with some literature values, as well 
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as an irrigation equivalent of 12 year rainfall across the four experiments. This 
is about 25% of the life expectancy of a ductile Iron pipe. 
6.2.1.2 Chromium 
The amount of Chromium used in these experiments was 84 mg/Kg, typical of 
agricultural soil content and its quantity in tap water was measured as 0.002 
ppm. The water content was regarded as zero or lower than the detection limit 
of the ICP (0.004 ppm). Throughout the first (Copper) experiment, no 
Chromium was released from either the bedding or pipe. The absence of 
Chromium in this experiment was a confirmation of its very low value in tap 
water, as well as its fixed nature in the sand and gravel within the 
experimental conditions. In the second experiment with Chromium dosing, 
Chromium concentrations ranged between 0.007 and 0.023 ppm. Some 
traces of Chromium ions were also detected in the third (Nickel) experiment. 
Thus in general Chromium was adsorbed within the experimental system, and 
its detected concentrations were very low. The theoretical background 
concentrations in tap water was zero mgll (ppm) but up to 50 1-19/1 is 
acceptable. At the start of the Chromium addition experiment, there was an 
increase of 53% in soluble Iron concentrations compared with its value in the 
first (Copper) experiment. The initial Chromium concentration in the second 
experiment was 83% greater than tap water content. The increase in soluble 
Iron concentrations may have been attributable to the reduction in particles 
washing from the sand and gravel that originally trapped and prevented 
soluble Iron release in the Copper experiment. This was also due to a 
combined effect of Copper and Chromium on the pipe sections. In the second 
daily samples, soluble Iron concentration was 22% more than the control 
column experiments. The total Iron concentrations in the second daily 
samples of the Chromium experiment were three times higher than the 
soluble Iron concentrations. These total Iron concentrations were however' 
lower than the equivalent from the first (Copper) experiment, indicating a 
stronger effect on the pipe from Copper than Chromium. The peak total Iron 
concentrations were 0.85 and 1.14 ppm in the first and second samples as 
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against 7.39 and 7.27 ppm with Copper dosing in the first experiment. The 
difference in soluble Iron concentrations between the two experiments was 
coincidal with the presence of high levels of washed particulates in the 
samples of the Copper experiment. Higher total Iron concentrations were clear 
indications of the action of acid digestion in dissolving particles and revealing 
metal ions in solution. 
Thus although soluble Iron concentrations in the second (Chromium) 
experiment were higher than the Copper first experimental results, the total 
Iron concentrations showed the reverse behaviour and were higher in the first 
experiment. In the third experiment with Nickel, Chromium concentrations 
continued to leach out of the bedding (higher than tap water content), 
indicating a continuous release of Chromium ions from the sand and gravel. 
During the last experiment with Lead, there was no detectable Chromium. In 
general conclusion therefore Copper caused the greatest release of Iron 
followed by Chromium and the effect of Nickel and Lead were negligible. 
6.2.1.3 Nickel 
Nickel concentrations in the samples of the first (Copper) and second 
(Chromium) experiments were at background and increased only with the 
addition of 34 mg/Kg of Nickel in the third experiment. The concentrations of 
Nickel in the second daily samples were up to 7.092 ppm soluble and 5.8 ppm 
. total. Nickel was lost during acid digestion and thus the total concentrations 
became lower than the soluble. These values indicated Nickel's good 
aqueous solubility and its free mobility in the sand. This also showed that 
there was Nickel adsorption but that the adsorption was lower than that of 
Copper and Chromium. Nickel continued to appear in the samples of the last 
experiment with Lead, though with diminishing values as it would be expected 
to return to background concentrations. The concentrations of soluble leached 
Iron increased again in the Nickel experiment. Although Nickel's good 
solubility in water and its free mobility in the sand was noted by the leaching 
results, the increase in Iron concentrations were not attributed to the reactions 
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of Nickel at the pipe sections. This was because of combined reactions of 
Nickel and Chromium. Copper was absent in this third experiment. In general, 
the average soluble Iron concentrations were 0.082 and 0.263 ppm in the first 
and second daily samples respectively. This was an increase in soluble Iron 
concentration of 53% in the second daily samples compared with the control 
column results. This also showed an increase in the average soluble Iron 
release compared with the results from the Chromium experiment of (0.058 
and 0.133 ppm) and 0.031 and 0.122 ppm in the first and second daily 
samples from the Copper experiment. 
6.2.1.4 Lead 
The concentrations of Lead in the first three experiments (before its dose) 
were all negligible as was the concentrations in tap water. Adding Lead at 29 
mg/Kg in the fourth experiment, did not increase the Lead in the leach ate in 
nearly all the samples. This indicated Lead's total retention by the 
experimental sand, and was an indication of Lead's good affinity for soil 
particles coupled with its poor aqueous solubility as confirmed by previous 
work (Linde, 2007). The results of the control column experiment had shown 
some trace amounts of Lead, indicating its leaching from sand and gravel in 
the column. The leached Lead was very low and its leaching was due to the 
comparative high water velocities in the glass column compared to the real 
pipe box experiment. 
The average soluble concentrations of Iron in the leach ate from first 
experiment with Cu(N03)z were 0.031 and 0.122 ppm in the first and second 
daily samples. In the second experiment with Cr(N03h average 
concentrations of soluble Iron were higher at 0.058 ppm (47% up) and 0.133 
ppm (8% up). In the third experiment with NiS04 the soluble Irons were 0.082 
ppm (29% up) and 0.263 ppm (49% up) in the first and second daily samples 
respectively. The average soluble Iron concentrations in the last (Lead) 
experiment were the lowest at 0.0854 ppm (4% up) and 0.2494 ppm (5% 
down) in the first and second leachate samples respectively. This indicated a 
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little or no significant reaction of Lead and pipe interaction, though reaction 
between the two could not be completely ruled out in the long term 
considering Lead's poor aqueous solubility. The added Lead might have been 
absorbed by the sand, causing its negligible concentrations in solution. 
6.2.2 Hydraulic loading 
The results of this research has shown the influence of hydraulic loading in 
distributing the metals in the sand column. The volume and intensity of rainfall 
were shown as the main factors in pushing metals and other contaminants 
deeper into the soil (see literature review in section 2.2). A rainfall intensity of 
2.0 metres, equivalent to a 3-year rainfall of Loughborough, was used in each 
of the four experiments. This rainfall volume was lower compared with other 
areas in the UK (Scotland) with up to a maximum rainfall of 5 metres/annum. 
This amount of rainfall was chosen to; 1) replicate the conditions of the 
immediate environment in which the research was carried out, and 2) have a 
moderate amount of rainfall. This was designed in order to have a detailed 
information on the behaviour of the metals in soil. Any variation in the metals' 
concentrations, as well as the volume of rainfall could change the 
experimental results. This was possible considering the fact that most of the 
results had indicated that a continuation of the experiments beyond the three 
year period would have produced more metallic ions in solution. Extrapolating 
the data indicates a progressive and additional leaching of metal iqns. 
6.2.3 Temperature 
Temperature has a significant role in controlling microbial activities in soil 
solution. Temperature affects metallic corrosion in three principle ways; (1) on 
oxygen solubility, (2) on fluid viscosity in relation to hydrodynamic boundary 
layer, and (3) on the diffusion coefficient. The range of temperatures in the 
main experiments in this research was between 0.5 and 12 °C. The 
temperature range in the column experiments was between 13 and 19.8 cC, 
representing laboratory room temperatures. The results of the experiments 
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had shown an inverse relationship between temperature and pH in most parts 
of the experiments. Values of pH tend towards the acidity range in higher 
temperatures. This was attributed to an increase in microbial activities in 
warmer environments and or an increase in the production of excess Carbon 
dioxide (C02) gas as carbonic acid, which dissolves in soil water and lowers 
the soil pH. The temperature and pH changes could increase the solubility of 
the metals. 
6.2.4 pH values 
In general, pH values of 6.8 to 7.8, were close to neutral throughout the four 
experiments. The range of pH was from 6.8 to 7.5 in the first experiment, 6.9 
to 7.3 in the second and third experiments, and 6.8 to 7.8 in the fourth 
experiment. The range of pH in the column experiments was from 5.4 to 7.1 
with lowest values at the start of the experiments. The lower values at the 
beginning were probably due to an acid wash done on the gravel prior to the 
experiments although several rinses had been used. Although there was no 
significant deviation from a neutral pH value, the results showed slight 
changes as a result of temperature changes as noted. This includes the 
production of Carbon dioxide (C02) gas, a weak acid in water that lowers soil 
pH. Soil air contains Oxygen, Carbon dioxide and other gases, Etchebers 
(2007). The level of C02 in soil air is higher than its level in atmospheric air as 
a result of plants and animals respiration. At warmer soil temperatures, soil air 
expands and releases Oxygen to the atmosphere. This release of Oxygen 
attracts CO2 from the atmosphere to replace the soil's Oxygen demand. When 
the C02 is in the dissolved form in soil water then soil pH tends towards the 
acidity range. However, at cooler soil temperatures, soil air contracts and 
adsorbs Oxygen from atmosphere. The adsorbed Oxygen then displaces C02 
to the atmosphere and as a result increases soil pH. 
6.2.5 Electrical conductivity 
Higher values of conductivity for effluents were recorded at the start of the first 
experiment; 1950 I-IS/cm in the first daily samples and 1800 I-IS/cm in the 
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second daily samples. These values dipped significantly after a few days of 
irrigation. The values later normalized and were close to a tap water value of 
567 IJS/cm (Severn Trent, 2007). There were also higher values at the start of 
the second and third experiments of 1160 and 1110 IJS/cm,· which 
subsequently dropped to the background value of 567 IJS/cm as the salts 
were flushed. Though conductivity values in the fourth experiment were lower 
than the results of the first three experiments, possibly as a result of poor 
solubility of Lead. The four experiments showed similar trends of higher 
conductivity values at the points of contaminant loading. The results of the first 
three column experiments indicated conductivity values in the range of 400 to 
500 IJS/cm, apart from the beginning of the first experiment where higher 
values were observed as a residue from material washing. In the fourth 
experiment, the column result was consistent with a small range of values and 
generally a little higher than the background levels. This may be due to a high 
temperature range of 16 to 20 QC, higher than the temperature in the other 
three column experiments. 
6.2.6 Carbon content 
Inorganic Carbon (IC) content from the four full scale experiments ranged 
from 0 to 25 ppm, lower than a tap water value of 30 ppm. It was noted that 
there was gas exchange of Carbon dioxide (C02) to Carbonate (C03") taking 
place in the sand/gravel packs. This gas exchange was also noticed in the 
column and hence, where it was confirmed by the slight increases in the soil 
pH values (carbonates) in most parts of the experiments. At times when 
irrigation was taking place on the top sand, the water entering the sand 
displaced soil air by forcing it out to the surroundings. At other times outside 
the irrigation, atmospheric air was adsorbed into the soil to balance the sand's 
Oxygen demand. The same cycle was repeated due to temperature changes. 
Warm temperatures caused the sand air to expand and release Oxygen, 
whereas cool temperatures caused the sand air to contract and adsorb 
Oxygen from atmosphere. Carbon dioxide was thought to be exchanged in 
the volume space with Oxygen. A release of Oxygen increased the level of 
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CO2 in the sand and an adsorption of Oxygen into the sand caused a 
reduction of C02. When an acid is added to a soil, carbonates in the soil 
decompose to neutralize the acid. In this research, the chemical salts also 
promoted reactions of C02 and Oxygen with added cations to form Metal 
Carbonates, and thus decreasing the IC. 
Total organic carbon (TOG) content in tap water was measured as 3.0 ppm in 
this research. The range of TOC was between 5 and 47 ppm in the first 
experiment. This resulted from leaching of organic matter from the box and/or 
pipe coatings through some fatigue which developed with contaminant 
loading. The values of TOC ranged between 8.48 and 33.51 ppm in the first 
daily samples, and between 32.09 and 91.51 ppm in the second daily 
samples. These values were higher than the results of the first experiment. 
This was followed by 1 to 31 ppm in the third experiment and 1 to 11 in the 
fourth experiment. The rapid increase in TOC between the second 
experiments could be as a result of two reasons. (1) On the commencement 
of the second experiment with Chromium dose, samples came out with 
obvious traces of gum that was used to correct water leakage before the start 
of that experiment. This gum will have raised the organic carbon content, as 
well as the turbidity both of which died away towards the end of that particular 
experiment. (2) The chromium could have mobilised leaching of organic 
matter from the box and/or pipe lining through some fatigue which developed 
during the second experiment. There was an influence of the residual TOC 
from the bedding and tap water in these experiments. This was' evident by 
higher TOC values in the first (Copper) experiment where the highest total 
Iron concentrations were also recorded. This could indicate TOC as a carrier 
of Iron in the experiments. 
6.2.7 Estimation of pipe weight loss 
The likely weight losses from the two pipe sections in the four different 
external corrosion experiments are shown in this section. 
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For each of the four experiments. summations of the Iron concentrations were 
made in mg/l. Equivalent values of Iron released in milligrams were calculated 
by multiplying the Iron concentrations by the total volume of samples from 
which sub-samples were collected. The first daily samples' (10am) volumes 
were 120 litres and the second daily samples' (4pm) volumes were 90 litres. 
The same method was used in calculating equivalent Iron released in 
milligrams from the column experiments. The highest differences in Iron 
released between the main and column experiments were recorded as the 
estimated pipes' weight loss in milligrams. 
6.2.7.1 Copper Nitrate Experiment 
Sum Sum (mg) Column Column Weight loss 
(mg/l) Sum Sum (mg) from Pipes 
(mg/l) (mg) 
Cu(N03h Soluble Iron 10am 0.4297 51.5640 1.8552 222.6240 -
(1201) 
Cu(N03h Soluble Iron 4pm 1.7016 153.1440 1.8552 166.9680 -
(901) 
Cu(N03h Total Iron 10am 36.3450 4361.4000 3.2005 384.0600 3977.3400 
(1201) 
Cu(N03h Total Iron 4pm 26.2134 2359.2000 3.2005 288.0450 2071.1550 
(901) 
Table 6.1 Iron released from Cu(N03h experiment 
The highest mass of Iron released from the two pipe sections in the CU(N03h 
experiment was 3977.3400 mg. This is equivalent to 1988.6700 mg per. pipe 
section over a period of 1 year and 7 months (1.6 years) (the period over 
which total Iron concentrations were analysed as shown in figure 5.2). 
The likely weight loss rate from each of the pipes= 1988.6700 1.2429 g/yr. 
1.6 
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6.2.7.2 Chromium Nitrate Experiment 
Sum Sum (m g) Column Column Weight loss 
(mgll) Sum Sum (mg) from Pipes 
(mg/l) (mg) 
Cr(N03h Soluble Iron 10am 0.8671 104.0520 1.5492 185.9040 -
(1201) 
Cr(N03h Soluble Iron 4pm 1.9938 179.4420 1.5492 139.4280 40.0140 
(901) 
Cr(N03h Total Iron 10am 4.1954 503.2800 4.9949 599.3880 -
(1201) 
Cr(N03h Total Iron 4pm 6.9268 623.4120 4.9949 449.5410 173.8710 
(901) 
Table 6.2 Iron released from Cr(N03h experiment 
The highest mass of Iron released from the two pipe sections in the Cr(N03h 
experiment was 173.8710 mg. This is equivalent to 86.9360 mg per pipe 
. 90litre 
section over a period of 2.25 years ( . x 3years) (as shown in figure 
120btre 
5.21). 
The likely weight loss rate from each of the pipes= (6.9360) 
90 x3 
120 
6.2.7.3 Nickel Sulphate Experiment 
Sum Sum (mg) Column 
(mgll) Sum 
(mg/l) 
Cr(N03h Soluble Iron 10am 1.2304 147.6480 1.8708 
Cr(N03h Soluble Iron 4pm 3.9466 355.1940 1.8708 
Cr(N03h Total Iron 10am 4.7867 574.4040 7.2445 
Cr(N03h Total Iron 4pm 12.1361 1092.2490 7.2445 
Table 6.3 Iron released from NISO. experiment 
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Column Weight loss 
Sum (mg) from Pipes 
(mg) 
224.4960 -
168.3720 186.8220 
869.3400 -
652.0050 440.2440 
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The highest mass of Iron released from the two pipe sections in the NiS04 
experiment was 440.2440 mg. This is equivalent to 220.1220 mg per pipe 
. 90litre 
section over a penod of 2.25 years ( . x 3 years) (as shown in figure 
120lare 
5.46). 
The likely weight loss rate from each of the pipes= rO. 122) 
90 x3 
120 
6.2.7.4 Lead Nitrate Experiment 
Sum Sum (m g) Column 
(mg/l) Sum 
(mgll) 
Cr(N03h Soluble Iron 10am 1.2812 153.7440 1.8093 
Cr(N03h Soluble Iron 4pm 3.7416 336.7440 1.8093 
Cr(N03h Total Iron 10am 2.5424 305.0880 5.2856 
Cr(N03h Total Iron 4pm 12.4341 1119.0690 5.2856 
Table 6.4 Iron released from Pb(N03l> experiment 
0.0978 g/yr. 
Column Weight loss 
Sum (mg) from Pipes 
(m g) 
217.1160 -
162.8370 173.9070 
634.2720 -
475.7040 643.3650 
The highest mass of Iron released from the two pipe sections in the NiS04 
experiment was 643.3650 mg. This is equivalent to 321.6825 mg per pipe 
section over a period of 2.25 years ( 90li~re x 3 years) (as shown in figure 
120lztre 
5.71). 
Th I'k I . ht I t f . t' 321.6825 01430 / e I e y welg oss ra e rom one pipe sec Ion = . g yr. 
2.25 
In summary, there was a weight loss of 1.2429 grams/year from each of the 
two pipes in the first three years of the Copper Nitrate experiments. Between 
the 4th and 6th years when the Chromium Nitrate experiments were conducted, 
the rate reduced to 0.0386 grams/year (a drastic drop of 96.89%). The ih to 
9th years when the Nickel Sulphate experiments were performed an increase 
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in the rate of pipe weight loss to 0.0978 grams/year (a rise of 60.53%) was 
observed. Finally, in the last three years (10th to 1 ih ) during the Lead Nitrate 
experiments, the weight loss was 0.1430 grams/year (a rise of 31.61% from 
previous years). This shows that the Copper experiments produced the 
highest weight loss at the beginning of these experiments. During the 
Chromium experiments the rate of weight loss reduced drastically and then 
picked up in the subsequent experiments because of a cumulative effects of 
the chemicals used on the Iron pipe. 
6.3 Internal corrosion experiments 
The results of internal corrosion experiments indicated a difference in Iron 
concentrations between the lined and unlined pipe sections as would be 
expected. There were changes in Iron concentrations between 0.1 and 0.75 
ppm in the lined pipe section with the highest concentrations detected at the 
beginning of the experiments and lowest concentrations at the end. The 
average soluble and total concentrations of approximately 0.2mg/1 were within 
the EU and USEPA allowable drinking water limits (Severn, 2007 & Sarin et 
aI., 2004). The changes in Iron concentrations were expected to have resulted 
from leaching from the cement layer that contained up to 6 % Ferric Oxide 
(Fe203) (BS EN197.1:2000). The slight difference between soluble and total 
Iron concentrations was an indication of suspended leached particles in the 
water possibly associated with the lime particles. In the unlined pipe section 
however the soluble and total concentrations of Iron were nearly the same, 
indicating a good solubility state of Iron in the circulating water. The increase 
in soluble and total Iron concentrations was from an average background 
value of 1.5 ppm to concentrations of 4.5 ppm soluble and 6.2 ppm total 
respectively. Both the initial average and final concentrations of Iron were 
beyond the EU allowable drinking water limit of 0.2mg/1 (Severn Trent, 2007) 
and USEPA's limit of 0.3mg/1 (Sarin et aI., 2004). Although corrosion scales 
might have already developed in the unlined pipe section prior to these 
experiments, the added metals however caused an increase in the amount of 
Iron in the circulating water. Though Iron release does not directly relate to 
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corrosion rate, an increase in Iron content is an indication of Iron release from 
corrosion scales or pipe material itself (Sarin et aI., 2004). The values 
represented 0.074 mg/l/day but bearing in mind this was recirculating in water. 
The lined pipe section was slightly warmer with temperatures ranging between 
5 and 21 QC compared with the unlined pipe section which had temperatures 
ranging from 4.5 to 20QC. This temperature difference was que to the cement 
layer in the lined pipe that protected the pipe walls from the environment. The 
values of pH in the lined pipe section ranged between 8.4 and 9.5 whereas 
the range of pH values in the unlined pipe section was between 7.1 and 8.3. 
So some heating from hydrolysis reactions was also possible and that a likely 
explanation of the difference in pH was leaching of Calcium hydroxide from 
the cement liner. The cement liner consists of 61-67 % Calcium Oxide (CaO), 
and when a cement is mixed with water it could produce a pH value of up to 
13 (SS EN197.1 :2000). The leaching of Calcium hydroxide has another effect 
on water quality and that is the dissolved Carbon dioxide in the water reacts 
with Calcium to produce Calcium Carbonate (CaC03) or water hardness, 
Neville (2001). 
In general, the two sets of results indicated that an increase in drinking water 
metals content would result from Iron loss from the pipe into the bulk water. 
The results showed that the risk of corrosion is more likely to unlined pipes 
where there is a direct contact between pipe walls and added metals. This 
effect apart from degrading water quality and obstructing hydraulic flow, it can 
also reduce the integrity of the pipe walls, which could result in water leakage 
with time. 
6.4 Conclusions and recommendations for further study 
6.4.1 Conclusions 
The results of the present research have shown evidence that elevated levels 
of metals surrounding ductile Iron pipeline (DIP) in soil pose a potential risk to 
the pipe by initiating its external corrosion through ionic exchange. The results 
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have also shown evidence that increased levels of these metals in drinking 
water can also initiate internal corrosion of the pipe walls if sucked in by 
pressure surges. The following conclusions have been summarised with 
regards to both internal and external corrosion of ductile Iron pipeline in 
elevated metal environments. 
6.4.1.1 Sources and concentrations of heavy metals 
A discharge of heavy metals generally results from the following source 
groups: 
• Leakages and spills from industrial and agricultural activities 
• Mining and mineral extractions 
• Operations and passages of motor vehicles; including the action of 
corrosion and abrasion of vehicles and highway surfaces 
• Maintenance operations carried out on roads e.g., de-icing and road 
marking 
• Buildings in urban residential and industrial areas 
In general, the table below summarises the sources and concentrations of 
heavy metals found in the literature. 
Concentration 
Heavy Metals range in soil 
Concentration range 
Route Sources 
(mglKg) in water (l-Ig/l) 
Industrial and Automobile 
Copper, Cu 1.00 - 7200.0 7.5 - 5000.0 
emissions, Buildings, Mining, 
Agriculture & Smelter Activities 
and antibiotic for pigs. 
Chromium, Cr 3.70 -1610.0 0 - <3 Road paints, Anticorrosive 
Lead, Pb 10.00 - 38000.0 1.5 -1100 
Gasoline Additives, Road marking 
and Automobile emissions 
Smelter Activity, Auto-Engines, 
Nickel, Ni 8.55 - 270.0 0 Metal plating, Corrosion of Welds, 
Alloys and Food production. 
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6.4.1.2 Interaction between heavy metals and environmental soils 
Soil properties such as its pH, Iron, Manganese and Carbonate contents, and 
cation exchange capacity (CEC) affect the distribution and reactivity of many 
heavy metals in soil. The changes in Copper distribution within different soil 
fractions are examples of such effect. This normally results from the variations 
in the adsorbing surfaces of different fractions of the soil or the soil pH 
buffering capacity. The transport of most heavy metals in soil depends on the 
physico-chemical properties of the solid and liquid phases. Many chemical 
changes occur during the movement of water/contaminants in soil. These 
changes include: dissolution/precipitation, adsorption/desorption. The fate and 
transport of heavy metals therefore, depend on solute, colloidal and dissolved 
phases. The literature also showed that heavy metals exist in different forms 
or compounds and concentrations in soil/sediments. Chemical speciation 
determines the movement and bioavailability of the heavy metals. In general, 
the chemical form of a metal species controls its behavior and the ease of its 
movement in soil. Accordingly, heavy metals are classified into groups based 
on their primary accumulation mechanisms in soil/sediments: (1) bound to 
carbonate, (2) bound to reducible phase (metal oxides), (3) bound to organiC 
substances and sulphites and (4) adsorptive and exchangeable. The transport 
of metals in soil is enhanced by the formation of inorganic complexes such as 
PbCI2 and CuCIz between the metals and Chlorine from road de-icing. Metals 
have been reported in significant engineering depth of 0.9 to 4 m in soil. This 
depth zone is within the range of pipeline cover depth of 0.3 to 10.5 m. The 
experiments in this thesis used the most soluble salts and possibly therefore 
the most mobile. 
6.4.1.3 Processes of ductile Iron deterioration 
Corrosion was shown by the literature review as the main factor causing 
metallic pipe deterioration. It was reported that ductile Iron and the older grey 
cast Iron pipes constitute a greater length (about two-third) of water 
distribution networks in the world. The two pipes are similar in their high 
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carbon contents. However, they differ in microstructures (the formation of 
graphite in their main matrices). The old grey cast Iron consists of flake-
shaped graphite, whereas ductile Iron pipe consists of spheroids or nodular 
shaped, which increases its strength. The main failure mode of ductile Iron 
pipe was reported as pitting corrosion that is mainly caused by the formation 
of galvanic cells. On the other hand a grey cast Iron pipe breaks mainly due to 
circular/circumferential failure. 
6.4.1.4 The effects of metals on external walls of ductile Iron 
pipeline 
Copper was shown to have the strongest effect on ductile Iron pipe by 
releasing more total Iron concentrations than the other metals used in this 
research. This would be as expected from the galvanic series theory of Iron 
exchange. Chromium and Nickel have also shown some effects in corroding 
the pipe, though not as strong as Copper. Lead was the least effective in this 
research. The results of the Lead experiment indicated little or no effect on the 
pipe sections although this can be as a result of Lead's poor aqueous 
solubility and its good affinity for soil particles as well as its low position in the 
galvanic series. These two factors might have caused the Lead to remain in 
the sand without being released to reach the pipe sections. A continuation of 
the Lead experiment might have produced different results if it was looked 
with two additional objectives. Firstly, increasing the experimental time scope 
above three years and also increasing the amount of rainfall might cause the 
Lead to react with accumulated organic matter in the sand and react with the 
pipe sections. Secondly, introducing another metallic cation might result in 
cationic exchange reactions between Lead and the new metal, similar to what 
happened between Copper and Chromium in this study. The overall results 
indicate a continuous increase in average soluble Iron concentrations from the 
Copper experiment compared to the Chromium and Nickel experiments, 
which indicated multiple reactions of the added individual contaminants with 
the pipe sections. This was also confirmed by the graphs of the individual 
metal contaminants showing their concentrations spanning across different 
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experiments. The average values of the soluble Iron in the first experiment 
with Cu(N03)z were 0.031 ppm in the first daily samples and 0.122 ppm in the 
second daily samples. The second experiment with Cr(N03h produced 
higher average values of Iron of 0.058 ppm (47% up) in the first daily samples 
and 0.133 ppm (8% up) in the second daily samples. Similarly, the average 
soluble Iron values in the third experiment with NiS04 were 0.082 ppm (29% 
up) and 0.263 ppm (49% up) in the first and second daily samples 
respectively. However, the average soluble Iron concentration in the Lead 
experiment was 0.0854 (4% up) in the first daily samples and 0.249 ppm (5% 
down) in the second daily samples. The added Lead might have been 
absorbed by the sand, causing its negligible soluble values in solution. This 
can be seen in Figure 5.4.3 where the concentration of Lead fell below the 
detection limit therefore, limiting its interaction with the pipe sections. The 
initial higher values of Iron in the first and second daily samples from the Lead 
experiment could result from higher water velocity at the beginning of the 
experiment that flushed out the remaining three contaminants in the sand and 
influenced more reaction with the pipe sections. In most cases average 
soluble Iron concentrations in the second daily samples of the main 
experiments were higher than the results of the column experiments. While in 
conclusion, the average total Iron concentrations were higher for all tests than 
the column results, which indicated some degree of leaching of Iron from the 
pipe sections. The sample temperature correlated inversely with soil pH in 
most of the results and as expected. Electrical conductivity correlated directly 
to the total dissolved solids (TDS) throughout the four experiments, indicating 
their dependence on materials leaching. 
6.4.1.5 The effects of metals on internal walls of ductile Iron 
pipeline 
There was a great difference in Iron concentrations between the lined and 
unlined pipe sections used in the intemal corrosion experiments. Though 
there were changes in Iron concentrations in the lined pipe section, these 
changes were thought to result from leaching of the inner cement layer that 
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contained up to 6 % Ferric Oxide (Fe203). The average soluble and total 
values of 0.2mg/l were within EU and USEPA limits. In the unlined pipe 
section there were nearly 2mgll soluble and total concentrations of Iron, 
indicating a good solubility state of Iron in the circulating water system. There 
were rapid changes in Iron concentrations up to an average value of 2mgll in 
the unlined pipe experiments, Iron was believed to have leached out of the 
pipe material. The quantity of Iron released in the water, was more than the 
internationally accepted allowance of 2501J9/1. This was because of the fact 
that the interior walls of the pipe were uncoated and there was also a 
possibility of the added metals reacting with exposed pipe walls and release 
Iron in solution. Thus the coating helps to preserve and bind Iron. In general, 
the two sets of results indicated that increasing drinking water metal contents 
can cause an initiation of intemal corrosion of internally uncoated pipelines. 
This effect apart from increasing water contamination, will also reduce the 
integrity of the pipe walls and its hydraulic capacity that could result in 
leakages with time. 
6.4.2 Further work 
To the best of this authors' knowledge there was a little or no work in the 
literature that directly relate metal contamination in soils to the deterioration of 
ductile Iron water distribution pipelines. This had made it difficult to establish 
theory in this research to cover more fundamental areas related to the 
research topic. The additional work on metals and their behaviour includes 
variations in soil, as well as background inorganic chemicals. The following 
specific recommendations have been made in order to improve knowledge on 
the effects of metals on ductile Iron pipe in different soil environments. 
1. This research used a good draining silt sand sample of 0.004 mm to 
0.4 mm size range. There is a need to use other types of soil in 
future research to provide saturated and semi saturated conditions. 
This will provide more knowledge on the ion exchange effects of 
metals in different soil environments on water mains. 
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2. This research was conducted with four chosen heavy metals namely: 
Copper, Chromium, Nickel and Lead. Although their selection was 
done on the basis of the information from the literature and their 
common usage, there is a need to research for other metals. 
3. The ductile pipe in the experiments was coated but still released 
Iron. Additional work on different coatings and corrosion products 
would also be useful. The first experiment with Copper produced the 
highest rate of pipe weight loss of 1.2429 grams/year per section of 
pipe. Although there was a drastic drop in this rate during the second 
experiment with Chromium, the rate continued to increase through 
the remaining experiments with other chemicals. 
4. It was not possible for this. research to complete any numerical 
modelling. This has therefore been recommended for future work in 
order to provide a means of generalizing information on ductile Iron 
pipe's deterioration due to different metal contaminants in different 
soil environments. This should include predictions on time of failure 
from the Iron concentrations measured in the leachate. 
5. Improvements to the time series of the analysis with longer periods 
of continuous measurement are need in order to add information on 
the pipe-contaminants interactions. 
6. Significant literature has been presented on the influence of pH, 
redox potential and organic complexation effects on solubility but 
resources and time prevented these experiments being carried out. 
Further work is therefore needed on these influences on corrosivity. 
7. Finally, an additional well controlled experiments could provide more 
reproducible data on the mechanisms of Iron exchange. 
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APPENDIX A 
Experimental measurements. 
Density (weight in kg): 
Wt. of empty container, Wc 
wt. of container + water, W1 
Wt. of container + bulk soil, W2 
Wt. of container + pea-gravel, W3 
1. Wt. of water, Ww (W1-Wc) 
1.0 kg of water equals 1 litre 
Container volume, Vc = 1000 x 2.795 cl 
By direct measurement, water volume, Vw 
Average container volume, V 
2. wt. of bulk soil, Wb (W2-Wc) 
3. wt. of pea-gravel, wp (W3-Wc) 
4. Bulk unit wt. of soil, rb (Wb = 4.086 x 1000 ) 
V 2.798 
. W 4.459 5. Unit wt. of pea-gravel, Wg ( -1!.. = --xl 000 ) 
V 2.798 
Moisture content: 
Wt. of clean & dry specimen container, Wt 
Wt. of container + bulk soil, W4 
Wt. of container + dry soil, W5 
1.000 litre 
2.795 litre 
2.800 litre 
2.798 litre 
2.115 
4.910 
6.201 
6.574 
2.795 
4.086 
4.459 
1,460.3288 kg/m3 
14.6033kN/m3 
1,594.6383 kg/m3 
15.9464kN/m3 
0.589 
2.643 
2.502 
Appendices 
M . t t t ( w. - w') 2.643 - 2.502 1 OIS ure con en , w = = x 00 = 
w, - wt 2.502 - 0.589 
D 't . ht f d Yb 14.6033 ry Un! welg 0 san , Yd = -I +-w = -1-.0-73-7-
Direct method: Weight of oven dry soil = 3.806 Kg 
Dry unit wt. of sand, Yd = 3.806 xlOOO = 
2.798 
A d 't . ht f'l 13.6009 + 13.6026 verage ry Un! welg 0 Sal, Yd = 2 
Porosity measurement: 
Porosity, f = Va + Vw = 1- Pb 
Vs +Va +Vw Ps 
7.3706% 
13.6009 kN/m3 
13.6026 kN/m3 
13.6018 kN/m3 
Where Va, Vw and Vs are Volumes of air, water and soil particle, and Pb and Ps 
are bulk and particle soil densities. 
Bulk density, pb = mass of dry soil I total volume = 3.806k~ 3 = 
2.798xI0- m 
1,360.2573 kg/m3. Assuming a typical value of particle density for a mineral 
soil to be 2,650 kg/m3, then the soil porosity can be calculated as 
f = 1 _ 1360.2573 48.67%. 
2650 
Pipes dimensions: 
External diameter, ee =119 mm 
Internal diameter (lined), eil = 75 mm 
Internal diameter (unlined), e iu = 95 mm 
Internal coating = 20 mm 
Wall thickness, t = 5 mm 
Pipe lengths = 2.0 M 
11 
External diameter. g e = 25 mm 
Internal diameter. 9 i = 20 mm 
Lengths = 5.6 M 
Flow volume 
Appendices 
DIPI: Vol. = rrr x 2.0 = rr x (0.5x75 x 10-3)2 x 2 = 
DIPu: Vol. = rrr x 2.0 = rr x (0.5x95 x 10-3)2 x 2 = 
PVC: Vol. = rrr x 5.6 = rr x (0.5 x 20 x 10-3)2 x 5.6 = 
Volume (lined). VI = 8.836 x 10-3 + 1.759 x 10-3 = 
Volume (unlined). Vu = 14.176 X 10-3 + 1.759 X 10-3 = 
8.836 litres 
14.176 litres 
1.759 litres 
10.595 litres 
15.935 litres 
The concentrations of heavy metals were calculated as follows: 
2. Medium values of heavy metals in soil "Carrington et al. (1998)" 
Cu 
Cr 
Ni 
Pb 
26.0 mg/Kg 
84.0 mg/Kg 
34.0 mg/Kg 
29.0 mg/Kg 
Quantities of metal salts required: 
In accordance with Transport and Road Research Laboratory (TRRL). the 
average unit weight of bedding and backfill materials used in the standard 
tables was 2 Mg/m3 but lower values are justifiable. The density of No. 130 
Garside sand «0.04 to 0.4 mm) was 13.6 KN/M3 (1.36 Mg/M3). 
Therefore. the weight of sand required = Unit weight x Volume = 1.36 x 
0.6033 = 0.8205 Mg = 820.5 Kg. 
iii 
Appendices 
The experimental soil contained 820.5 x 26 of Copper = 21,333 mg, 
equivalent to 21.333 gram of Cu 
Cu 
Cr 
Ni 
Pb 
21.333 grams 
68.922 grams 
27.897 grams 
23.795 grams 
Calculations of weight fractions for the intended chemicals: 
1. Copper (H) nitrate trihydrate, CuN20 6.3H20 
1 M = GAW. Cu + 2 x GAW. N + 6 x GAW. 0 + 3 x G.M.W. H20 
= 63.546+2x14.007+6x15.996+3x18.015 = 241.60g 
% Cu in 1 M = -::-C""":"":C:c:-G..,...A.,...W----,.C..,.C-,u )':-:::--::c-
GM.W.CCuN20 6·3H20) 
63.546 = 26.30% 
241.60 
Where GAW. is gram atomic weight and G.M.W. is gram 
molecular weight. 
The required amount of Copper is 21.333 gram. Therefore, the 
weight of CuN20 6.3H20 required in solution is 
G.M.W. x 21.333 = 241.60 x 21.333 
G.A.W. 63.546 
= 81.107 9 (0.336 Moles) 
The solubility of CuN20 6.3H20 at 10°C is 500 g/l. 
2. Chromium (Hi) nitrate nonahydrate, CrNaOg.9H20 
IV 
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1M = G.A.W. Cr +3 G.A.w. N +9 G.A.W. 0 + 9 G.M.w. H20 
= 51.996+3x14.007+9x15.996+9x18.015 = 400.15g 
01 C . 1 M - 51.996 12 99 OO~ 10 rln - .. /. 
400.15 
The required amount of Chromium is 68.922 gram. The weight of 
CrN30 g.9H20 required in solution is 
GM.W. x 68.922 400.15 x 68.922 
G.A.W. 51.996 
= 530.409 gram (1.326 Moles) 
The solubility of CrN30g.9H20 at 100e is 500 g/L. 
3. Nickel (ii) Sulphate hexahydrate. Ni04S.6H20 
1M = G. A.W. Ni +4G.A.w. 0 +GAW. S +6G.M.W H20 
=58.693+4x15.996+32.066+6x18.015 = 262.90 
% Ni in 1 M =. 58.693 = 22.33% 
262.90 
The required amount of Nickel is 27.897 gram. The weight of 
Ni04S.6H20 required in solution is 
G.M.W. x 27.897 262.90 x 27.897 
G.A .. W. 58.693 
v 
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= 124.957 glL (0.475 Moles) 
The solubility of Ni04S.6H20 at 10°C is 330 glL. 
4. Lead (ii) nitrate, N20 6Pb 
1M = 2GAW. N +6GAW 0 +GAW Pb 
=2x14.007+6x15.996+207.20 = 331.20 
% Pb in 1 M = 207.20 62.56% 
331.20 
The required amount of Lead is 23.795 gram. The weight of N20 6Pb 
required in solution is 
G.M.W. x 23.795 = 331.20 x 23.795 
G.A.W. 207.20 
= 38.035 gram (0.115 Moles) 
The solubility of N20 6Pb at 10°C is 316 glL. 
3. Quantities of heavy metals in UK drinking water: 
Cu 
Cr 
Ni 
Pb 
Amount of metals in water: 
2.0 mg!1 
50 pg/I 
20 pg!1 
25 pg!1 
VI 
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Total volume in circulation = (Intemal area of pipe) x total loop length) 
Let approximate length of each loop be 6 m and pipes intemal diameters be 
85 mm. 
Fluid volume = 7l/"2 x 6.0 =:r( 85 )2 x 6.0 = 34.05 litres, 
2x1000 
1. Quantity of Cu = 2.0 mg/l x 34.05 = 68.10 mg, which is equivalent to 
241.6 . 
-----::..:..:....x 68.1 = 258.91 mg. CUN206.3H20 (0.0011 M). 
63.546 
2. Quantity of Cr = 50 I-Ig/l x 34.05 = 1.70 mg, which is equivalent to 
400.15 
--x 1.7 = 13 mg. CrN30 9.9H20 (0.0000325M). 51.996 
3. Quantity of Ni = 20 I-IglI x 34.05 = 0.681 mg, which is equivalent to 
262.9 x 0.681 = 3.050mg. Ni04S.6H20 (0.0000116M). 58.693 
4. Quantity of Pb = 25 I-IglI x 34.05 = 0.851 mg, which is equivalent to 
331.20 
----------x 0.851 = 1.360 mg. N20 6Pb (4.11 x 10-6 M) 207.20 
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l.5 
4. 
... 1 
7 
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~.~ ~~ 18. 178.~ ~;7,5'12:361 
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" . ;,"" ~." • 1771117! i:4631 
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~.029' ),4: -0.1l3131 )'0 '.2 .. 8 0.0 -O~~.· 0 .. 32· .84. "3.585 20.21 
~.0308 . 0.0 04 o.OQO? .2179 2.907 19. 
).0307 1.5.3341 0.0 ... . .'.525 -0.0244 ).344 3.93 2<l 
03~l ~:~~4 g:::~ ~~ :~~~lH~ :~:~~ ~c:::: 0.3.: ).0124 ~ ).~~H~r~ """' <DO ~~~1---.:i~:~6:~~ -0::. r ';: .~. :'ir=i~il' ~~1: 
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mg ~=~ "CO~.OO4~'jO~ .. ~05N~-·CO~'i' 0.0~48 0,1 16, O.l~)~.1!1=B. .02.1.'79 25.56 *"~~-I--=--o,,,OJ.0069 0,1 -0.1 0.002i 0.1 14. 0.1 0.16 ).814 26.86 
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:2§6~NO. eu .. .iF.e er !NiMn.'02 Pi . ~18713 i Q!'I~S 
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I~ i I 14 i " 0.1 14.1 2io 15 1=1 :~ ~ 6.1 4901 240' 
41 H I 8. 
4. ,e 4.0<1 6., 
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0.0985 o. -0.ClQ§.8 ).022 ).00881 -0. ~~ ~ 1.313 16.3 
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,Water Quality : for Lined Pipe 
Dal. remp.' pH ,; (ppm) 
11. 7.1. 4301 220 3.3 12. 85 0 7. 
~i ~~: ~:3; ~~ ;~ ~= ~::: :; _0 ::~ 
5.8 7.2 200 90 3.9 244 35 '.32 5.58 
_~ 15.: 45C 4.29' -~1~I~ _.?9 1.82 3.5 
I~03I2ClO.1 11. 47'"", 3.37 100.' 8, 1.59 3. 
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~j2.0E"';t-_""",1~3'_->:,@-__ 7: ,,-_-,2:;;;;!3;;;,:OOI __ ,,2~~,!l.,~ 411.51701 3.15 
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'ooml-l nlined Pipe 
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10.: 371 19027. 99. 74· 9. 
10. . .. 7. 371 200 26, 223.1... . 56.0. .6,0 
~: ',' ~36(J17C ;' it3~~ 4 .. 
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